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How a complete organism develops from a single cell is among the most 

complicated questions in life sciences. Early experimental studies on the development of 

animals were performed on amphibians and birds due to the size and accessibility of 

their embryos, while studies in placental mammals have been limited by the difficulty 

posed by in utero development. 

 In vitro differentiation of ES cells provides a convenient model for the study of 

the mammalian development. Since ES cells can be grown and maintained in a 

pluripotent state virtually forever, ample amount of research material for molecular 
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biological studies can be produced; differentiating ES cells are easily accessible and they 

can also be manipulated genetically.  

 I have used the ES cell differentiation model to study the bHLH factor SCL, a 

critical regulator of the formation of the hematopoietic lineage in the early embryo and 

the maturation of erythrocytes and megakaryocytes later on. The latter function of the 

protein has been studied extensively, but a complete molecular analysis of the former 

function has been lacking. 

 My work shows that SCL can skew the patterning of the mesoderm towards the 

hematopoietic lineage. This function required the interaction of SCL with LMO2. 

Transcriptional profiling revealed organizer genes FoxA2 and Chordin as novel 

downregulated targets of SCL during this time.  

 Differentiation of human pluripotent cells to be used in cellular therapy or to 

generate replacement tissues; is considered to be one of the most promising branches of 

medical research. 

 Considering the importance of SCL in hematopoiesis, we hypothesized that SCL 

can direct differentiation of pluripotent cells to this lineage in a simple culture system. 

Ectopic expression of SCL induced hematopoiesis at low levels. Co-expression of LMO2 

and GATA2 increased efficiency of the programming significantly. 
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CHAPTER 1: INTRODUCTION 

Animals start their life as a single cell, which undergoes rapid cell division. Even 

though the daughter cells appear identical in morphology, they are slightly different at the 

molecular level. These slight differences, inherent in the egg or initiated by outside 

factors like sperm entry point, are then amplified through cell to cell signaling 

mechanisms and gene expression networks, which finally differentiate cells to specialized 

types (reviewed by Rossant and Tam (Rossant and Tam, 2009)). 

Although much effort has been put into understanding how a complete organism 

develops from a single cell, the details of many pathways remain unknown. The 

transcription factor SCL/TAL-1 is known to be crucial for the development of the blood 

lineage, but how this induction happens in unclear. Here, I have used the differentiation 

of pluripotent cells as a model to investigate the role of SCL in early mammalian 

development in detail. 

Formation of mesoderm in the Xenopus model 

Initial studies on the induction of mesoderm were performed on Xenopus 

embryos by Nieuwkoop (Nieuwkoop, 1985). His work showed that the precursors of 

definitive endoderm and mesodermal tissues (referred to as mesendoderm) are induced in 

the region where the ectoderm and the endoderm are in contact, the marginal zone. Using 

explants, he showed that signals from the endoderm induced mesendoderm, even on the 

animal cap of the embryo, which is normally fated to become ectoderm. 

VegT is a vegetal-specific T-box family transcription factor (Stennard et al., 

1996), which is necessary for the induction of the mesoderm (Zhang et al., 1998). 
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Expression of TGFβ family members derriére, Xnr1, Xnr2 and Xnr4 rescue mesoderm 

formation in VegT depleted embryos (Kofron et al., 1999), demonstrating the 

involvement of the TGFβ pathway in mesoderm initiation process. Blocking the Activin 

signal, another TGFβ family member, through expression of a dominant negative 

receptor, inhibits mesoderm induction (Hemmati-Brivanlou and Melton, 1992). Recently, 

the mesoderm inducing role of a vegetal TGFβ family member, Vg1, has also been 

shown (Birsoy et al., 2006). 

Mesoderm induction also requires FGF signaling evidenced by the absence of 

mesoderm in Xenopus embryos expressing a dominant negative form of FGF receptor 

(Amaya et al., 1991). 

Mesoderm patterning 

After the induction, the dorsal-ventral patterning of the mesoderm is established. 

Cells in the dorsal end of the embryo give rise to neural tube, notochord and somites, 

while the ventral cells produce the blood lineage (Dale and Slack, 1987a). Initial insights 

into the patterning of mesoderm over the dorsal-ventral axis were gained from explant 

experiments. Spemann and Mangold transplanted cells from the dorsal region of 

amphibian embryos into other embryos and observed appearance of a second dorsal axis 

in the recipients. (Spemann and Mangold, 2001) This region was named Spemann’s 

organizer. 

Noggin (Smith and Harland, 1992; Smith et al., 1993) and Chordin (Sasai et al., 

1994) were cloned from Spemann’s organizer region and were shown to dorsalize 

embryos. In parallel with this work, BMP4 was shown to ventralize embryos when 
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injected (Dale et al., 1992; Jones et al., 1992). BMP4 could not induce mesoderm. Its 

effects were limited to mesoderm patterning (Eimon and Harland, 1999; Jones et al., 

1996). These observations were unified, when Noggin and Chordin were shown to be 

inhibitors of BMP signaling (Piccolo et al., 1996; Zimmerman et al., 1996). It became 

clear that the dorsal and ventral signals were in fact competing factors in the same 

pathway. 

An important feature of the BMP4 signal is dose-dependency. In experiments 

with Xenopus ectoderm, different tissue types formed in response to different levels of 

BMP4 signal (Wilson et al., 1997). Nuclear factor Smad1 was shown to be the 

downstream effector of BMP4 in the same study. 

At the beginning of development, the Xenopus embryo uses maternal transcripts 

stored in the egg. Damaging these transcripts by UV irradiation causes defects in the 

formation of dorsal mesoderm (Holwill et al., 1987). Injection of the RNA for a Wnt 

factor (Xwnt8) into the vegetal side rescues dorsal mesoderm formation in these embryos 

(Smith and Harland, 1991). This suggests a role for the Wnt signal in dorsalization. In the 

opposite experiment, inhibition of Wnt signaling, either by overexpression of cadherins 

or decreasing the level of β-catenin, results in loss of dorsal mesoderm (Heasman et al., 

1994). While the dorsal mesoderm markers are lost in these embryos, ventral mesoderm 

markers are not affected. Wnt11 is shown to be located in the dorsal side of the vegetal 

endoderm and activate the Wnt pathway to induce dorsal mesoderm (Tao et al., 2005). 

Rescue of β-catenin depletion phenotype by injection of Noggin shows that Wnt pathway 

dorsalizes embryo through the inhibition of BMP4 pathway (Wylie et al., 1996).   
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Further experimentation with explants showed that the dorsal end of the vegetal 

endoderm induced dorsal mesoderm and ventral vegetal endoderm induced ventral 

mesoderm, suggesting compartmentalization is not limited to the mesoderm forming 

marginal zone, but is triggered from the vegetal side of the embryo (Dale and Slack, 

1987b). Mesoderm inducing factor Vg1 is enriched on the dorsal half of the vegetal side. 

Vg1 does not induce the Wnt pathway, but is required for the expression of Chordin 

(Birsoy et al., 2006). Vg1, therefore, is a candidate that might explain dorsal mesoderm 

inducing activity of the dorsal vegetal endoderm. 

Even though mesoderm induction and patterning might be expected to be 

separate events, evidence shows the boundaries are not clear-cut. The mesoderm inducing 

factor Activin acts as a morphogen on tailbud stage embryos and causes formation of 

different mesodermal tissues (Green et al., 1992). One of the factors that connects 

Activin, and more generally TGFβ family, signaling between mesoderm induction and 

patterning is the downstream effector Smad2 (Nakao et al., 1997). VegT, an inducer of 

TGFβ signaling molecules (Kofron et al., 1999) and Vg1 both activate Smad2 (Birsoy et 

al., 2006; Lee et al., 2001). Active Smad2, in turn, competes with ventralizing Smad1 

signal (Candia et al., 1997). 

Mesoderm patterning in the Xenopus embryo can be summarized as the 

competition between Smad-1 inducing BMP family signals (ventral) and Smad-2 

inducing TGFβ family signals (dorsal). A study by Schohl and Fagotto visualizes the 

interplay between these two pathways and the Wnt pathway by immunofluorescent 

detection of active Smad’s and nuclear β-catenin (Schohl and Fagotto, 2002). 
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Initiation of mesoderm in the mouse model 

A major difference between Xenopus and mouse mesoderm formation is the role 

played by maternal transcripts. Zygotic transcription starts much earlier in the mouse 

embryo compared to the Xenopus embryo. Most of the mouse maternal RNA is degraded 

by the time the embryo reaches the 4-cell stage (reviewed by Zernicka-Goetz et.al. 

(Zernicka-Goetz et al., 2009)).  

Before implantation, there are three distinct tissue types in the mouse embryo: 

The extraembryonic ectoderm; primitive endoderm, which forms the visceral endoderm 

and the epiblast or primitive ectoderm, which forms the embryo proper (Gardner, 1985). 

Between E6.0 and E6.5, a group of epiblast cells on the posterior side of the embryo start 

moving inward to form the primitive streak (reviewed by Tam and Loebel (Tam et al., 

2006)).  

A major source for signals that initiate primitive streak formation is the visceral 

endoderm. In fact, anterior-posterior axis forms in the visceral endoderm before the 

epiblast (reviewed by Rossant and Tam (Rossant and Tam, 2009)). 

The first sign of asymmetry in the visceral endoderm is the thickening of the 

distal tip (Rivera-Perez et al., 2003). This region corresponds to the expression site of the 

Hex gene and moves to the anterior-proximal region of the embryo, opposite from the 

primitive streak initiation site (Thomas et al., 1998). Movement of distal visceral 

endoderm to the anterior position requires the homeobox transcription factor Otx2 

(Perea-Gomez et al., 2001).  

Anterior visceral endoderm is responsible for the differentiation of the anterior 

epiblast to ectodermal lineage (Thomas and Beddington, 1996). This is accomplished 
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through the inhibition of primitive streak initiating signals emanating from the posterior 

side of the embryo (Kimura et al., 2000). AVE produces Cerr1 (Cerberus related 1) 

(Shawlot et al., 1998), homolog of Xenopus gene Cerberus, which blocks Nodal, BMP 

and Wnt pathways (Piccolo et al., 1999); Lefty1 (Oulad-Abdelghani et al., 1998), which 

inhibits Nodal signaling specifically (Chen and Shen, 2004) and Dkk1, an inhibitor of 

Wnt signaling (Chen and Shen, 2004).   

Like in Xenopus, TGFβ family members have been shown to be involved in 

mouse mesendoderm induction. Expression of Nodal (Varlet et al., 1997) and its co-

receptor Cripto (Ding et al., 1998) are stronger on the posterior-proximal side of the 

embryo at pre-streak stage. Anterior visceral endoderm (Brennan et al., 2001) and the 

primitive streak (Conlon et al., 1994; Ding et al., 1998) do not form in the absence of 

Nodal or Cripto. Formation of AVE by Nodal signaling requires the expression of two 

transcription factors in the visceral endoderm: FoxA2 (HNF3β) and LHX1 (Lim1) 

(Perea-Gomez et al., 1999). When both factors are removed genetically, expression of the 

primitive streak genes expands to whole epiblast instead of being limited to the posterior 

region. This observation underlines the significance of Nodal inhibitor expression from 

the AVE.  

Primitive streak does not form in the absence of BMP4 (Winnier et al., 1995). 

Some of the knockout embryos can form mesoderm, but this might be due to 

compensation by BMP2 (Suzuki et al., 1994). The phenotype is more severe in the 

knockouts of BMP receptor component Bmpr1 (Mishina et al., 1995). Extraembryonic 

ectoderm, which is adjacent to the proximal epiblast, is a source of BMP4 in the pre-

streak embryo (Lawson et al., 1999). When the extraembryonic ectoderm is removed 
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(Rodriguez et al., 2005) or BMP4 is knocked down (Soares et al., 2005), AVE formation 

is abnormal, suggesting in addition to its role in primitive streak formation, BMP4 is also 

required for the patterning of the visceral endoderm. 

It is worth noting at this point, that both Nodal (Camus et al., 2006) and BMP 

(Di-Gregorio et al., 2007) signaling are involved in the maintenance of epiblast 

pluripotency and the observed effects on mesoderm might be partly due to this earlier 

function. 

Another major signaling pathway shown to be required for mesoderm formation 

in the Xenopus model, Wnt, is also required for mouse primitive streak formation. Wnt3, 

like Nodal and Cripto, is expressed in the proximal epiblast in the pre-streak stage and 

embryos lacking Wnt3 do not form a primitive streak (Liu et al., 1999). In these animals, 

some of the AVE markers are expressed and localize correctly. However, in β-catenin 

knockout animals, AVE marker expression and migration from distal tip to anterior-

proximal region is disrupted (Huelsken et al., 2000). This shows that Wnt signaling, like 

Nodal and BMP4, is required both for primitive streak initiation and AVE formation. The 

weaker phenotype in the Wnt3 mutant animals might be due to compensation from other 

Wnt ligands. 

The three signaling pathways (Nodal (TGFβ), BMP4 and Wnt) are 

interconnected. Two extraembryonic ectoderm proteases, Furin and PACE4, are 

responsible for initial activation of the Nodal pathway. Work with a Nodal mutant that 

cannot be cleaved by these proteases showed that active Nodal is required to maintain 

BMP4 expression in the ExE (Ben-Haim et al., 2006). Culturing the epiblasts in the 
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absence of ExE and visceral endoderm, but with ectopic BMP4, restores Wnt expression 

and mesoderm formation. Wnt3, in turn, is necessary for the maintenance of Nodal. 

Mesoderm patterning in the mouse 

The fates of the epiblast cells are not established before entering the primitive 

streak. Even though posterior epiblast cells are more likely to contribute to the primitive 

streak, descendants of labeled cells from most regions of epiblast can be found in 

mesoderm or endoderm tissues later on (Lawson et al., 1991). However, once the streak 

is formed, the fates of the cells are determined according to their position on the 

proximal-distal axis (Kinder et al., 1999; Tam and Beddington, 1987; Wilson and 

Beddington, 1996). Cells at the proximal end of the streak form the extraembryonic 

mesoderm, followed by the lateral plate and heart mesoderm lineages. Paraxial 

mesoderm, notochord and the node, the region corresponding to the Spemann’s organizer 

in the mouse (Beddington, 1994) and the progenitors of the definitive endoderm are at the 

distal end of the streak. In this sense, organization of the mouse primitive streak 

resembles that of Xenopus marginal zone, with proximal streak corresponding to the 

ventral and distal streak to the dorsal end. 

Similar to the amphibian embryo, Smad2 activation by Nodal signal is required 

for the formation of distal fates in the primitive streak. Removal of Smad2 or Nodal 

expression in the primitive streak, results in the loss of distal primitive streak lineage 

definitive endoderm (Vincent et al., 2003). When one copy of Smad3, the other activator 

for the Nodal pathway is removed in a Smad2-/- background, this further diminishment 

of the signal causes the node region to be lost. At minimum signal level, removal of both 
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Smad2 and 3 in the epiblast, only the most proximal streak lineages, extraembryonic and 

lateral plate mesoderm are formed (Dunn et al., 2004). 

Hematopoiesis 

There are two sites of hematopoiesis in the Xenopus embryo: The ventral blood 

island and the dorsal lateral plate (Kau and Turpen, 1983). The VBI is the initial site of 

hematopoiesis. Cells from this region circulate in the early embryo (Chen and Turpen, 

1995). However, the contribution from the VBI is replaced by DLP in time. Therefore, 

VBI hematopoiesis is considered primitive and DLP hematopoiesis is considered 

definitive. Transplantation experiments showed that progenitors in both of these regions 

originate from the ventral marginal zone of the embryo (Turpen et al., 1997). 

The first sign of blood in the mouse embryo is the appearance of erythrocytes in 

the yolk sac. They were first observed by Sabin in chick embryos as sacs of blood cells 

surrounded by endothelial cells and termed blood islands (Sabin, 1920). Yolk sac 

hematopoietic cells, homologous to Xenopus VBI progenitors, descend from the posterior 

end of the primitive streak (Lawson et al., 1991).   

The close association of hematopoietic and endothelial cells in the blood islands, 

gave rise to the hemangioblast hypothesis (Sabin, 1920). The hemangioblast cell is 

thought to be the common precursor for both the hematopoietic and endothelial lineage. 

According to the clonal analysis studies, the hemangioblast is located in the posterior 

primitive streak and expresses Flk1 surface marker (Huber et al., 2004).  

Lately, this simplistic view of the blood island structure (Ferkowicz and Yoder, 

2005) and hemangioblast (Ueno and Weissman, 2006), where the hemangioblast migrates 
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to the yolk sac and differentiates to hematopoietic and endothelial cells that remain 

together, has been challenged. Images obtained using more recent technologies show that 

CD41 surface marker expressing erythrocyte cells are first created near the primitive 

streak and then move into the yolk sac (Ferkowicz et al., 2003). After migration, the cells 

do not stay in isolated patches (islands), but form a band around the yolk sac. 

To determine if the yolk sac blood islands are clonal, Ueno and Weissman co-

injected ES cells labeled with different fluorescent markers into blastocysts (Ueno and 

Weissman, 2006). Blood islands in these embryos contained progenitors with different 

labels, proving their mixed origin.   

The study of the hemangioblast is hampered by the lack of reliable surface 

marker that identifies the progenitor from other mesodermal cells. The only way to 

quantify hemangioblasts is an in vitro functional assay (Choi et al., 1998). Also, based on 

recent papers cited here, in vivo relevancy of the model is in doubt. 

Hematopoiesis also occurs in the embryo proper in the AGM region (Medvinsky 

and Dzierzak, 1996; Muller et al., 1994). Unlike yolk sac hematopoietic cells, which can 

only rescue hematopoiesis in irradiated neonate animals (Yoder and Hiatt, 1997); AGM 

cells can repopulate an irradiated adult animal and thus are considered definitive 

hematopoietic stem cells (Muller et al., 1994). More careful dissection of the AGM 

proved the dorsal aorta to be the site of HSC emergence (de Bruijn et al., 2000). 

Endothelial cells in this region have been shown to give rise to blood cells and are thus 

termed hemogenic endothelium (Eilken et al., 2009). 

Allantoic mesoderm has recently been identified as another source of 

hematopoiesis (Caprioli et al., 1998). 
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Molecular biology of blood formation 

Signals from the visceral endoderm are needed for hematopoietic induction of the 

mesoderm. When the VE is removed from the pre-streak or early streak mouse embryos, 

hematopoiesis is not initiated (Belaoussoff et al., 1998). Furthermore, when anterior 

epiblast is incubated with the posterior visceral endedorm, ectopic blood is formed. In 

later studies, Indian Hedgehog has been suggested to be the inductive signal (Dyer et al., 

2001). Even though Hedgehog signal is sufficient for the induction of hematopoiesis; it is 

dispensable in vivo, evidenced by blood formation in the embryos lacking Ihh (St-Jacques 

et al., 1999) or its receptor Smoothened (Zhang et al., 2001). 

BMP4, a ventralizing factor in the Xenopus, is one of the factors upregulated in 

response to Ihh (Dyer et al., 2001). However, the study of BMP4 in determination of 

posterior primitive streak fates is complicated by its earlier function in the formation of 

the primitive streak. However, both groups who have worked with BMP4 knockout 

animals noted decreases in posterior primitive streak descendants, like yolk sac blood 

islands (Lawson et al., 1999; Winnier et al., 1995). Expression of BMP4 inhibitors 

Noggin (McMahon et al., 1998) and Chordin (Kinder et al., 2001b) from the node 

supports a model where BMP4 acts as a pro-posterior factor. 

In Xenopus embryos BMP4 has been shown to induce hematopoietic factors 

including SCL (Mead et al., 1998), LMO2 (Mead et al., 2001) and GATA2 (Maeno et al., 

1996). Expression of SCL or GATA2 can in turn induce hematopoiesis in animal 

explants (Maeno et al., 1996; Mead et al., 1998). Ets related transcription factor Fli1, a 

required factor for blood formation, can also induce SCL and GATA2 expression, when 

ectopically expressed as a fusion protein with the activator VP16 domain (Liu et al., 
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2008). SCL, GATA2 and Fli1 were shown to bind to enhancer sites on each other’s 

promoters and form a self-regulating network (Pimanda et al., 2007).  

SCL/TAL-1 

SCL was first discovered as an oncogene in T-ALL cells and subsequently 

cloned (Begley et al., 1989; Chen et al., 1990). It is a class B bHLH protein. Class B 

bHLH proteins, a family that also includes MyoD, can only bind DNA by forming 

heterodimers with class A bHLH proteins, like E47 or E12, products of the E2A gene. 

A number of studies in different models show that SCL is not just an oncogene, 

but is the master regulator of hematopoiesis. The gene is expressed in hematopoietic, 

endothelial and some neural progenitors during mouse development (Elefanty et al., 

1999). Knockout mice die of anemia from E8.5 to E10.5 (Elefanty et al., 1999; Robb et 

al., 1995; Shivdasani et al., 1995). The SCL-/- cells in chimeric animals contribute to all 

tissues except hematopoietic (Porcher et al., 1996; Robb et al., 1996) and are unable to 

produce hematopoietic cells when differentiated in vitro (Porcher et al., 1996). 

Additionally, ectopic expression of SCL in zebrafish cloche mutants rescues blood and 

endothelial defects (Liao et al., 1998). Vascular network formation is also disrupted in 

SCL-/- mice and this phenotype is not secondary to lack of hematopoiesis (Visvader et 

al., 1998). In transgenic animals where blood formation is rescued through expression of 

SCL under the control of the hematopoietic-specific GATA1 promoter, the yolk sac 

vascular network still does not form, suggesting this to be an endothelial-specific SCL 

function.  
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Using a lacZ/knock-in strategy SCL expression has been reported to start on E7.5 

in extraembryonic mesoderm of the mouse embryos (Elefanty et al., 1999). The 

expression is later observed in the endothelium and the central nervous system. In this 

study, the researchers mostly reported expression data from embryos that have both their 

SCL alleles replaced with lacZ, because the expression is too low to detect in 

heterozygous embryos. Thus, the expression data obtained from these embryos may not 

represent the patterns in wild-type embryos. 

In adult human hematopoietic tissues, SCL is expressed in erythrocyte, 

megakaryocyte and basophilic lineages (Mouthon et al., 1993; Pulford et al., 1995). 

Overexpression of the protein in MEL or K562 cells (leukemia cell lines that can 

differentiate to erythrocyte or other lineages) resulted in increased differentiation towards 

the erythroid lineage (Aplan et al., 1992).  

Hall and colleagues have shown the role of SCL in erythrocyte and 

megakaryocyte maturation, through a conditional deletion of the gene in the adult mice 

(Hall et al., 2003). In response to SCL deletion, progenitor cells from both lineages were 

lost, followed by a loss of mature cells. However, a long term follow-up study from the 

same group also showed that after an initial drop in erythrocyte counts, mice recovered 

erythropoiesis and reached a state of mild anemia (Hall et al., 2005). They concluded that 

SCL is important but not essential for adult erythropoiesis. 

The role for SCL for the emergence and the maintenance of the HSC 

compartment has been studied by conditional deletion of the gene. Deletion of SCL in 

Tie2 expressing cells did not affect the formation of the HSCs (Schlaeger et al., 2005). 

Conditional deletion of SCL in the adult bone marrow resulted in a defect in short term 

13



 

 

 

repopulating HSCs, while long term repopulating HSCs remained unaffected (Curtis et 

al., 2004). On the other hand, ectopic expression of SCL increased the repopulating 

activity of the LTR-HSCs (Reynaud et al., 2005) and HSCs are less competitive after 

SCL knockdown (Lacombe et al.). The observed conflict could be due to compensation 

by Lyl1, a related bHLH factor. Removal of both SCL and Lyl1 resulted in significant 

loss of HSCs (Souroullas et al., 2009).   

SCL complex 

Apart from erythropoiesis- and megakaryopoiesis-specific observations, studies 

in cancer cell lines also provided insight on mechanism of SCL function (Krosl et al., 

1998; Lahlil et al., 2004; Vitelli et al., 2000). 

SCL was shown to interact with LMO2, in two independent studies using 

hematopoietic cell lines (Valge-Archer et al., 1994; Wadman et al., 1994). Later on, one 

of the groups showed that this interaction is not limited to SCL and LMO2, but the 

complex also includes GATA1, E2A proteins and LDB1 (Wadman et al., 1997). GATA2 

can also bind to LMO2 (Osada et al., 1995) and while it is in the complex in multipotent 

hematopoietic progenitors, GATA1 takes its place after commitment to the erythrocyte 

lineage (Anguita et al., 2004). 

Similar to SCL, LMO2 (Lim only 2) was discovered as an aberrantly expressed 

gene in T cell leukemias (Boehm et al., 1991; Royer-Pokora et al., 1991). Like other 

members of its family, it contains two LIM domains, which are known to be important in 

forming protein-protein interactions (Boehm et al., 1991). The protein also has two 
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transactivation domains and the LIM domains can act as transcriptional repressors (Mao 

et al., 1997). 

 LMO2 was shown to act together with SCL in leukemia (Larson et al., 1996) 

and erythropoiesis (Valge-Archer et al., 1994). Overexpression studies suggested a role 

for LMO2 and one of its binding partners, Ldb1, in keeping early erythrocyte progenitors 

undifferentiated (Visvader et al., 1997). The similarity of the LMO2 knockout phenotype 

to that of SCL (death with anemia around E9-10 (Warren et al., 1994)) and lack of 

hematopoiesis from in vitro differentiated LMO2-/- cells (Yamada et al., 1998) suggest 

that the two proteins might also work together in early development. 

GATA proteins were discovered by virtue of their binding conserved sites in the 

β-globin locus in erythrocytes (Tsai et al., 1989). GATA1 and GATA2 were shown to be 

expressed in the ventral marginal zone of Xenopus embryos and to mark hematopoiesis 

(Kelley et al., 1994). In mice, loss of GATA1 results in a defect in erythropoiesis (Pevny 

et al., 1991), while GATA2 is crucial for the proliferation of early hematopoietic 

progenitors (Tsai et al., 1994; Tsai and Orkin, 1997).  

DNA sequences bound by the SCL complex contain consensus sequences for an 

E-box site for E2A proteins and a GATA binding site (Wadman et al., 1997). However, 

not all targets of SCL have this binding sequence in their promoters (Lecuyer et al., 

2002). 

SCL in early development 

Different roles, targets and biochemical interactions in different cell types are 

common for transcription factors. Therefore, data gathered from leukemic cell lines or 
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adult hematopoietic cells may not be applicable to an earlier, mesoderm stage function of 

SCL. Studies directed at this specific developmental stage have been performed mainly in 

non-mammalian models, zebrafish and Xenopus. 

Ectopic expression of SCL in zebrafish (Gering et al., 1998) and Xenopus (Mead 

et al., 1998) embryos increases hematopoietic and endothelial progenitors by 

reprogramming pronephric and somitic mesoderm. In zebrafish co-expression or 

induction of LMO2 was proposed to be necessary for the reprogramming activity (Gering 

et al., 2003).  

ES cell differentiation as a model of early mouse development 

Mammalian embryos are not easy to manipulate. Therefore discovery 

experiments in the mouse are often impractical, if not impossible and even the 

confirmation of findings from non-mammalian models can be difficult. To overcome 

limitations inherent in the small size of the early mouse embryo and primitive streak, in 

vitro differentiation of ES cells is being used increasingly in developmental biology. 

Mouse ES cells, which have potential to differentiate into lineages of the three 

germ layers (Bradley et al., 1984) were first cultured in 1981 by Evans and Kaufman 

from the inner cell mass of embryos (Evans and Kaufman, 1981). They can be 

maintained in an undifferentiated state indefinitely and induced to differentiate through 

manipulation of culture conditions. This allows production of ample material for use in a 

number of molecular biology techniques, like microarrays or biochemistry; as well as 

fine manipulation of culture conditions for analysis of extracellular and genomes for 

intracellular mechanisms.     
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One common method of differentiating ES cells is embryoid body aggregation. 

When ES cells are incubated without attachment (in semisolid medium or with constant 

shaking), they aggreagate and form three dimensional structures called embryoid bodies 

(EB) (Doetschman et al., 1985). A number of embryonic lineages have been shown to 

form in these structures. 

Hematopoiesis in EBs and embryos has been compared by Keller and colleagues 

and similar time-frames and cell types are shown to be active in both (Keller et al., 1993). 

Also, the hypothetical mouse hemangioblast (Sabin, 1920), was initially identified in 

vitro using embroid bodies (EB) (Choi et al., 1998). Culture conditions developed in this 

study led to the discovery of the in vivo hemangioblast (Huber et al., 2004). Using a cell 

line in which GFP is expressed under the control of the Brachyury promoter, it has been 

shown that the hemangioblastic and hematopoietic precursors emerge in the Brachyury-

expressing population and later begin expressing Flk1 (VEGF-Receptor-2) protein 

(Fehling et al., 2003).  

Most ES cell differentiation studies have been performed in FBS-containing 

media. The growth factors in the FBS are largely unknown and their concentrations 

change between batches, which hampers comparability of data from different groups. 

Recently, there has been a developmental biology-inspired effort to reveal the identities 

of serum growth factors and to grow cells in chemically defined media.  

Embryoid bodies, which were incubated with Activin A or BMP4 in a chemically 

defined medium, formed anterior or posterior mesodermal structures respectively 

(Johansson and Wiles, 1995). High levels of Activin A treatment also induces definitive 

endoderm formation (Kubo et al., 2004). Nodal is the active TGFβ member in the early 
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mouse embryo, but it signals through the Activin receptors and downstream effectors (Gu 

et al., 1998; Song et al., 1999). In vitro Activin treatment is thought to be mimicking 

Nodal’s in vivo activity. 

A protocol for production of blood lineage cells from the ES cells, based on 

sequential treatment of the cells with BMP4, Activin A, bFGF and VEGF has been 

published recently (Pearson et al., 2008). The group proposed a model in which BMP4 is 

required for the induction of mesoderm based on the expression of GFP under the control 

of Brachyury promoter. Then Activin and bFGF treatment induces the hemangioblast, 

evidenced by co-expression of Flk1 and Brachyury (Fehling et al., 2003). Finally, VEGF 

treatment helps differentiation of blood lineage from the hemangioblast. A second group 

came to the same conclusion about the roles of BMP4 and VEGF, but did not observe a 

strong effect of Activin treatment (Park et al., 2004). 

The discovery of human ES cells (Thomson et al., 1998) and recent success in 

derivation of pluripotent cells from somatic cells (Takahashi and Yamanaka, 2006) 

increased the interest in directed differentiation of pluripotent cells to specific lineages 

with the hope that one day patient-specific tissues can be produced in the laboratory. 

Using the knowledge gained from developmental biology, protocols for efficient 

derivation of a number of tissues, including neural (Chambers et al., 2009), cardiac (Yang 

et al., 2008), skeletal muscle (Darabi et al., 2008) and pancreatic mesoderm (D'Amour et 

al., 2006) have been described. Some of these studies are close to clinical trials. 
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CHAPTER 2: MATERIALS AND METHODS 

Cell lines and Cloning 

Creation of engineered ES lines using Ainv15, A2.lox.cre or Zx1 cell lines and 

plox or p2lox targeting plasmids has been described in detail elsewhere (Iacovino et al., 

2009) (Fig 2.1). Briefly, a locus containing a TRE sequence for inducible expression, two 

lox sites that do not recombine with each other, Cre cDNA sequence and a Neo sequence 

devoid of an ATG is inserted into the X chromosome of targeting cells. (A2lox.cre or 

Zx1). The p2lox plasmid contains the same lox sites, and the gene of interest. Through 

Cre mediated recombination, the gene of interest is inserted after the TRE promoter and 

the Neo gene is fixed with the addition of the PGK promoter and an ATG. Neo can be 

used for selection of successfully targeted cells. 

iSCL, iLMO2, iGATA2. iSCL-LMO2 and iSCL-LMO2-GATA2 cell lines were 

created using Ainv15 parental cell line and plox targeting plasmid by Dr. Rita 

Perlingeiro.  

Human SCL cDNA, a gift from Dr. Stuart Orkin, was cloned into the p2lox 

plasmid, by digesting with EcoRI and SmaI from plox-SCL and ligating into EcoRI and 

blunted NotI sites.  

VP16 and Engrailed constructs were amplified by PCR with a linker containing 

the first few bases of SCL coding sequence until the NotI digestion site.  

VP16-SCL-F: GAATTCACCATGGCCCCCCCGACCG 

VP16-SCL-R: GCGGCCGCTCCGTCATGTCGACCCCACCGTACTCGTC 

Eng-SCL-F: GAATTCACCATGGCCCTGGAGGATCG 
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Figure 2.1

p2lox

loxP loxM

TRE CreloxM loxP Neo ΔATG

Figure 2.1: Representation of the p2lox plasmid and the HPRT locus of A2lox.cre

TRE Neo ΔATG
Gene of 
Interest

PGK promoter 
+ATG

cells where the targeting sequence has been inserted. Cre expression is induced
with Dox before targeting and the Cre cDNA is removed after lox recombination.
TRE: Tet response element. Neo ΔATG: Neo sequence without a start codon.
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Eng-SCL-R: GCGGCCGCTCCGTCATCTCGAGCAGAGCAGATTTCTCTGG 

Then, these amplicons were inserted into p2lox-SCL after EcoRI-NotI digestion, 

to create p2lox-VP16SCL and p2lox-EngSCL plasmids. These plasmids were used to 

create iVP16-SCL and iEng-SCL cell lines. 

iSCLF238G and iSCLRERAAA constructs were cloned into the p2lox plasmid 

by PCR amplification with primers designed for site directed mutagenesis and EcoRI and 

NotI digestion.  

SCLF238G-Int-F: CCATGAAGTACATCAATGGCCTGGCC 

SCLF238G-Int-R: GTAACTTGGCCAGGCCATTGATGTAC 

SCLRERAAA-Int-F: TTCACCAACAGCGCAGCTGCATGGAC 

SCLRERAAA-Int-R: CTGCTGCCTCCATGCAGCTGCGCTGT 

SCL-Ext-F: CTCGAGATGACGGAGCGGCCGCCGAGC 

SCL-Ext-R: GAATTCTCACCGGGGGCCAGCCCCATC 

Avi-SCL-IRES-BirA construct was synthesized by Geneocopoeia company and 

subcloned into the p2lox plasmid for the generation of Zx1.Avi-SCL.BirA cells.  

Plasmids were inserted into the cells either by electroporation of 30µg of DNA 

(240V, 500µFad) or transfection of 1µg of plasmid DNA using Fugene 6 (Roche # 

11814443001) into ~1-2X106 cells. In the case of electroporation, the cells were plated 

onto G418-resistant mitomycin treated MEFs (Millipore #PMEF-N). When Ainv15 cells 

were used, a Cre expressing plasmid was co-electroporated or transfected. A2.lox.cre and 

Zx1 cells have Cre cDNA under the control of the Dox inducible promoter. These cells 

were induced for 24 hours before electroporation or transfection. In both protocols cells 

were allowed to recover for 24 hours in the ES medium and then G418 selection started 
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(300µg/ml, Invitrogen 10131-035). 7 to 10 days later single ES colonies were picked (6 

clones per cell line, if available), trypsinized and plated on MEFs in 12 well plates. The 

cells were passaged when they became confluent and frozen as P0 vials after 2 passages. 

Maintenance of ES cells 

Undifferentiated ES cells were maintained on inactivated MEFs in ES Medium 

containing Knockout DMEM (Invitrogen #10829-018), 15% ES-qualified FBS, 

Gluta/max (Invitrogen #35050-061), P/S (Invitrogen #15140-122), NEAA (Invitrogen 

#11140-050), β-mercaptoethanol (Gibco #21985-023) and LIF (5000 units/ml Millipore 

#ESG1107). Cells were fed every day and passaged every two days or when confluent. 

Differentiation of ES cells as EBs 

For EB differentiation, ES cells were passaged by treatment with 0.25% Trypsin-

EDTA. After the removal of trypsin, cells were replated in EB differentiation medium 

(IMDM (Invitrogen #12440-053), 15% EB-qualified FBS, Gluta/max, P/S, Transferrin 

(200 µg/ml), Ascorbic Acid and MTG) and incubated for 30-45 minutes to remove 

MEFs.  

For hanging drops, cells were diluted to a concentration of 10000 cells/ml in EB-

differentiation medium. Then, they were plated on a 15 cm untreated bacterial Petri dish 

as 10µl droplets and incubated upside down for two days. On day 2, EBs were removed 

from Petri dishes by washing with Ca/Mg-free PBS, replated in 6 or 10 cm petri dishes in 

EB-diff and placed on an orbital shaker at 60 rpm/minute. Unless noted otherwise, half of 

the medium was removed from the plate every two days and replaced with fresh EB-diff 

medium.  
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For large scale EB preparation, after MEF removal ES cells were incubated in 15 

cm untreated Petri dishes at 10000 cells/ml density on the orbital shaker. EBs were fed 

every two days. 

Differentiation of ES cells in monolayer 

For monolayer differentiation in serum, 15000 cells were plated per well of a 6-

well Corning plate in EB-diff medium. Differentiating cells were fed every day. 

For serum-free monolayer differentiation, Corning plates were coated with 

Growth factor reduced matrigel (BD Biosciences #356234) for 1 hour. After 

trypsinization and MEF removal, ES cells were plated in ES medium for attachment 

(15000 cells/well of a 6-well plate or 7500 cells/well of a 12-well plate). The next day ES 

medium was replaced with serum free differentiation (SF-diff) medium (mTESR medium 

without growth factors but with added P/S, Gluta/max, Transferrin, Ascorbic acid, MTG). 

Cells were fed every day with SF-diff medium. 

Hematopoietic CFC Assay 

Hematopoietic CFC assays were performed in MCM3434 medium (Stem Cell 

Technologies). 50000 cells were resuspended in 150µl of EB-diff and plated in 1.35ml of 

MCM3434. EryP colonies were counted 6 days after plating, more differentiated colonies 

were counted 10 days after plating. 

Cardiac beating assay 

Single EBs were removed from culture on day 5 and plated in gelatinized wells 

of a 96 well flat-bottom tissue culture plate in EB-diff. EBs attached and started to spread 
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overnight. Some beating could be seen after 24 hours. At 48 hours beating was more 

intense. EBs were scored as “beating” or “not beating”. 

Cytospins 

Cells were spun onto slides at 1000rpm for 5 min. Slides were then stained with 

HEMA3 kit (Fisher #22-122-911) according to manufacturer’s instructions and mounted. 

FACS Analysis 

Between 105-5X105 cells were stained using fluorescently labeled antibodies. 

Cells were kept in 1:200 dilution of antibodies in staining solution (PBS with 3%FBS) for 

25-30 min, followed by one wash in staining medium. After the wash cells were 

resuspended in cold analysis solution (staining solution with PI), filtered and analyzed 

using a BD FACSAria instrument with 488nm and 633nm lasers. 

Real Time PCR 

RNA was isolated using Trizol and chloroform extraction. After resuspension 

cDNA was produced using a Thermoscript kit (Invitrogen) at 60°C for 1hr. 

Taqman probes were used for Real Time PCR. Reactions were run on ABI7500 

or 7900 machines. 

Microarray Analysis 

Day 2.5 EBs were induced for 6 hours with Dox and collected in Trizol. Isolated 

RNA was processed by the UTSW microarray core facility and hybridized to Illumina 

bead chips. Data analysis was performed using BeadStudio software. 
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Immunoprecipitation 

EBs were washed with PBS, trypsinized and washed again. Protein was extracted 

in modified RIPA buffer (50mM Tris-HCL pH:7.4, 150 mM NaCl, 1% NP-40, 0.25% 

Na-Deoxycholate with fresh protease inhibitors (Roche #11836153001)) for 1 hour on a 

rotator at 4°C. Lysate was centrifuged at 20000g for 30 minutes at 4°C to remove cellular 

debris. For treatment with Agarose-Strep beads (Sigma #85881), lysate was precleared 

with Sepharose-Protein A beads (GE Healthcare #17-0780-01) for 1 hour at 4°C. The 

beads were blocked with 1% BSA for 1 hour at 4°C. Lysate was not precleared and beads 

were not blocked, when magnetic Dynabeads were used (Invitrogen #656-01). Lysate 

was incubated with beads (2µl of Sepharose or 1µl of Dynabeads per mg of total protein) 

for 1 hour at 4°C. After incubation, the beads were removed (by gravity for Strep beads, 

magnets for Dynabeads) and washed 6 times with modified RIPA buffer. The beads were 

then washed in the TEV protease reaction buffer (50mM Tris-HCl, 0.5mM EDTA, 1 mM 

DTT) overnight. To cleave SCL and bound proteins, the beads were treated with TEV 

protease in the reaction buffer overnight at 4°C (Invitrogen #12575-015).  

Silver staining and Mass Spectrometry 

SDS-PAGE gels were stained using a silver staining kit (Pierce #24600) 

according to the instructions from the manufacturer. 

For mass spectrometry proteins were digested in solution with sequence grade 

trypsin (Promega #V5111) overnight at 37°C. Mass Spectrometry analysis was 

performed by the Proteomics Core at the University of Minnesota. 
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Western Blotting 

Protein was extracted by boiling EBs in the SDS loading dye for 15 min. After 

cooling, samples were run on 10% SDS-PAGE gel for 2 hours at 100V. Proteins were 

transferred onto PVDF membrane at 120mA for 2 hrs in a wet blotting setup. The 

membrane was blocked 1 hr at RT with 5% milk. Primary antibody (BTL73, a gift from 

Dr. Karen Pulford) was used in 1:100 dilution in 5% milk for 1hr at 37°C, washed 6 

times with TBS-T. Secondary antibody (Donkey anti Mouse- HRP, Santa Cruz) was used 

in 1:2000 dilution in 5% milk for 1 hr at RT, washed 6 times with TBS-T. Bands were 

visualized using ECL (Pierce #32109), Pico (Pierce #34079) or Femto kits (Pierce 

#34094).  
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CHAPTER 3: THE ROLE OF SCL IN MESODERM PATTERNING 

Introduction 

In mammalian embryos, the initiation of the development of the mesoderm and 

the definitive endoderm, commonly referred to as the mesendoderm, is marked by the 

formation of the primitive streak. Fate mapping studies show that cells at different points 

along the proximal-distal and anterior-posterior axis of the streak map to different tissues 

in the adult animal (Kinder et al., 1999; Tam and Beddington, 1987; Wilson and 

Beddington, 1996). Proximal-posterior primitive streak cells form the extraembryonic 

mesoderm and the lateral plate mesoderm, which later forms the hematopoietic and 

endothelial tissues; while the cells located distally form the paraxial mesoderm, the 

notochord and the node. The intensity of the BMP4 signaling, regulated by the secretion 

of BMP4 at the proximal end and the secretion of the BMP inhibitors Noggin and 

Chordin from the distal end of the primitive streak, plays a significant role in determining 

the fate of the cell (Wilson et al., 1997). 

SCL is one of the transcription factors induced by BMP4 (Mead et al., 1998) and 

was shown to be a critical factor in hematopoietic development in the Xenopus (Mead et 

al., 1998), zebrafish (Gering et al., 1998) and mouse (Elefanty et al., 1999; Robb et al., 

1995; Shivdasani et al., 1995) models. The loss of SCL function results in the loss of 

blood formation, while ectopic SCL expression increases blood forming potential. 

However, it cannot be inferred from the data whether SCL acts (a) on the mesoderm 

patterning process, (b) on the committed lateral plate mesoderm cells that are 
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differentiating towards hematopoietic lineage or (c) on the committed hematopoietic 

progenitors. 

The only previous time course assay on the role of SCL was performed in ES 

cells cultured on OP9 stromal cells, where SCL expression was absent but could be 

turned on using a Tamoxifen inducible Cre (Endoh et al., 2002). Turning on SCL 

expression until day 4 of differentiation on stromal cells rescued hematopoiesis. Only the 

expression of the Flk1 and VE-Cadherin markers were followed, thus it is not clear which 

embryonic stage day 4 corresponds to in this system, but a general conclusion of the 

paper is that SCL is necessary early in the process. 

In order to perform a pulse time course assay and analyze SCL function at the 

specific relevant time points, an ES cell line was engineered to express SCL under the 

control of a Dox-inducible promoter, which made it possible to turn the expression on 

and off quickly. I determined the stages of EB differentiation that correspond to the 

mesoderm induction, patterning and hematopoietic differentiation stages of embryonic 

development. I induced ectopic SCL expression for 24 hour periods in different samples 

over a time course and observed an increase in hematopoietic output only in response to 

the expression during the mesoderm patterning stage. Finally, I showed that SCL 

increases hematopoietic progenitors by changing the fate of non-hematopoietic 

mesodermal lineages. 
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Results 

a. Differentiation of wild type EBs 

In order to place the stages of differentiation on a timeline in the EB 

differentiation model, I first analyzed the differentiation of wild type (E14) and 

uninduced iSCL ES cells using qRT-PCR and FACS. 

For qRT-PCR, EBs were grown for 6 days and RNA was collected every 12 

hours. E14 and uninduced iSCL EBs start expressing Brachyury, which is a marker of 

early, unpatterned mesoderm (Fehling et al., 2003; Wilkinson et al., 1990), around day 2; 

with a peak on day 3. After day 3, Brachyury expression decreases as the mesoderm is 

patterned to downstream lineages; e.g. blood or cardiac muscle (Fig 3.1A). SCL 

expression initiates after Brachyury, around day 2.5 and peaks on day 4 (Fig 3.1B). After 

day 4, SCL expression decreases, but does not disappear completely. This is due to the 

expression of SCL in the patterned mesoderm and emerging hematopoietic and 

endothelial cells.   

The PDGFRα surface marker is expressed on the early primitive streak cells of 

murine embryos (Orr-Urtreger et al., 1992). After mesoderm patterning, it is limited to 

the paraxial mesoderm. Flk1, a receptor for VEGF, is often used as a marker of 

endothelial cells. However, it also has been shown to be expressed in the early mesoderm 

and later in the lateral plate mesoderm, precursor of the hematopoietic and endothelial 

lineages (Kataoka et al., 1997; Nishikawa et al., 1998). Flk1+ cells have also been shown 

to have cardiac lineage potential (Iida et al., 2005). 

PDGFRα expression initiated around day 3 in my experiments. On day 4, the 

cells progressed to the Flk1+/ PDGFRα+ (DP) state, with small amount of single positives. 
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Brachyury (A) and SCL (B) shown over a time course of 6 days. Blue line represents
the E14 cells, red line represents the uninduced iSCL cells. C) Expression of Flk1 and
PDGFRα over time course. D) Expression of cKit and CD41 markers over a time
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On days 5 and 6 the percentage of the DP cells decreased and better defined Flk1+ or 

PDGFR+ cell populations emerged (Fig 3.1C). 

Comparison of SCL-/- and wild type cells during in vitro differentiation, revealed 

CD41 to be the earliest marker of hematopoiesis (Mikkola et al., 2003). This marker was 

expressed in the EBs at a low level on day 4 (Fig 3.1D). Another marker of 

hematopoiesis, CD45 followed CD41 starting on day 5. Accordingly, the first colony 

forming cells were also obtained from the day 4 EBs. The colony forming activity was 

limited to the EryP lineage at this point. The number of EryP colony-forming cells 

peaked on day 5 (Fig 3.1E). More definitive colonies also emerged on this day, with an 

increase on day 6, the final point of my analysis. 

Based on these data, I concluded that in this system mesoderm starts to form on 

day 2 of differentiation and is patterned until day 4. Terminal differentiation towards 

mesoderm lineages continue on days 5 and 6 (Fig 3.1F). 

b. Ectopic SCL expression increases the hematopoietic output 

Ectopic expression studies in model organisms showed that SCL would have a 

positive effect on the hematopoietic output (Gering et al., 1998; Mead et al., 1998).  

I first analyzed the effect of continuous SCL expression from day 2 on. The 

resulting increase in the ratio of cells expressing hematopoietic surface markers (CD41, 

CD45) (Fig 3.2A-D) and the number of CFCs per 50000 EB cells was significantly 

increased, in line with expectations based on the observations in non-mammalian models 

(Fig 3.2E). 
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Figure 3.3

Figure 3.3: Schematic represantation of the 24hr time course experiment. A
different sample is induced (red) each day and all samples are analyzed at the end
of the experiment on day 6.
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c. The effect of SCL is limited to the mesoderm patterning stage  

The mechanistic details of SCL’s pro-hematopoietic effect are largely unknown. 

The fact that in the Cre reversion study mentioned above SCL had to be rescued in the 

knockout cells before the day 4, suggests a specifically timed rather than a general effect 

(Endoh et al., 2002).  

I hypothesized that SCL has a specific window of activity during the EB 

differentiation. To test this hypothesis I designed an experiment to look for this specific 

window by pulsed induction at different time points (Fig 3.3). Six differentiation cultures 

were started. One of the cultures was kept uninduced, one was induced for the first 2 days 

of differentiation, while the cells were still in hanging drops, and one was induced on 

each of days 3, 4, 5 and 6 for 24 hours. At the end of each day, medium from all cultures 

was removed and all medium from uninduced plates was pooled and filtered. Fresh 

medium was added to compensate for removed Dox containing medium and EBs were 

replated in this mix. One of the yet uninduced plates was induced for the next 24 hours. 

At the end of 6 days all EBs were trypsinized and analyzed. 

The strongest increase in hematopoiesis was seen in the plates induced on day 4 

of differentiation, with weaker effects on days 3 and 5 (Fig 3.4A-E). According to the 

data from section a, this window corresponds to the mesoderm patterning stage.  

d. Ectopic SCL expression increases hematopoietic output by patterning mesoderm 

After determining the mesoderm patterning stage as the window of activity for 

SCL, I hypothesized that it changes the fate of the early mesoderm progenitors. This 

model is supported by the findings of an overexpression study in zebrafish (Gering et al., 

1998) but contradicted by the findings of an ES cell differentiation study (Endoh et al., 
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2002). To test the hypothesis, I induced iSCL EBs on days 3 and 4 of differentiation for 

48 hours and compared the amount of non-hematopoietic mesoderm lineages produced in 

the uninduced and induced cultures. 

The ectopic expression of SCL did not change the level of Oct4 or Brachyury 

expression in the EBs (Fig 3.5A-B). This shows that SCL did not induce differentiation 

towards mesoderm under these conditions. However, FACS analysis showed that in the 

induced EBs, PDGFRα+ population, which marks the paraxial mesoderm (Kataoka et al., 

1997), decreased significantly, while the Flk1+ population, which marks the lateral plate 

mesoderm increased (Fig 3.5C). 

BL-CFC, the counterpart of the hemangioblast in the EBs (Choi et al., 1998), 

represents the lateral plate mesoderm. In order to confirm the FACS data showing an 

increase in the lateral plate mesoderm compartment in response to SCL induction, I 

performed BL-CFC assays on day 3 of the EB differentiation, the time when BL-CFC 

numbers are closest to their peak. I observed an increase in the number of BL-CFCs after 

SCL induction (Fig 3.5D). 

Cardiac tissue can initiate autonomous beating in culture. By plating day 5 iSCL 

EBs from uninduced and induced plates and scoring them for beating, I showed that the 

cardiac mesoderm differentiation was diminished in response to ectopic SCL expression 

(Fig 3.5E). Results of this functional experiment were confirmed by the more sensitive 

qRT-PCR analysis. A marker of cardiac differentiation, Nkx2.5, was downregulated in 

the induced samples (Fig 3.5F). 

I tested the expression of the skeletal muscle markers to assess the level of the 

paraxial mesoderm differentiation. However, the levels were too low to derive a 
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meaningful conclusion. Since lateral plate mesoderm is formed in response to high levels 

of BMP4, while paraxial mesoderm requires lower levels, I treated the EBs with an 

inhibitor of BMP4, Noggin. This treatment increased the expression of the skeletal 

muscle specific transcription factors Pax3 and Myf5. Induction of SCL under these 

conditions decreased skeletal muscle differentiation (Fig 3.5G). 

From these I concluded that SCL patterns mesoderm towards the hematopoietic 

lineage in expense of other lineages. 

e. SCL acts downstream of BMP4 

BMP4 is a patterning factor important in the development of lateral plate 

mesoderm (Maeno et al., 1996) and is reported to induce SCL expression (Mead et al., 

1998). Based on my observations with Noggin-treated EBs, summarized in the previous 

section, I hypothesized that SCL can reverse the negative effect of BMP4 inhibition on 

hematopoiesis. 

30 ng/ml of Noggin was added to the differentiating E14 or iSCL EBs after day 2 

of differentiation for 2 days. This resulted in a decrease in the lateral plate mesoderm 

population on day 4 (Fig 3.6A). Confirming this decrease, the treatment also reduced the 

CD45+ population in day 6 EBs (Fig 3.6B). Both these phenotypes were reversed when 

SCL was ectopically expressed simultaneously with the Noggin treatment (Fig 3.6A-B). 

Based on the FACS data I have concluded that SCL is able to reverse the effect 

of the BMP4 inhibitor Noggin. 

f. SCL acts cell autonomously 

I hypothesized that SCL might be functioning by changing the levels of a key 

signaling molecule, e.g. BMP4. If this were correct, induction of SCL in a group of cells 
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Figure 3.7
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Figure 3.7: Analysis of two E14.GFP clones over a time course of differentiation.
Clone #1 (top) keeps the same level of GFP expression, while clone #2 (bottom)
silences. Clone #1 was used for further experiments.
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Figure 3.8

Figure 3.8: Schematic representation of cell autonomy experiment. Red indicates
induced cells.
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should have an effect on the uninduced cells in the same culture. In order to test this, I 

designed a cell-autonomy experiment in which EBs were formed from a mixture of iSCL 

cells and GFP-marked wild-type E14 cells and hematopoietic outcomes were analyzed 

separately.  

A lentivirus expressing GFP under the control of the ubiquitin promoter was used 

to mark the E14 cells. After the infection, the cells were sorted, enriched and single cell 

cloned. 6 individual E14 clones were picked for further culturing. Their differentiation 

was followed over 6 days to eliminate clones that silenced GFP expression (Fig 3.7). 

Finally, clone #1 was selected to be used as the marked cell line (E14.GFP.1).  

I mixed the iSCL and the E14.GFP.1 cells at a 1:1 ratio and differentiated as 

hanging drop EBs (Fig 3.8). One group of EBs was induced with Dox on days 3 and 4. 

On day 6 the levels of hematopoietic surface markers were analyzed and sorted GFP- 

(iSCL) and GFP+ (E14.GFP.1) cells were plated in semisolid medium for colony forming 

assay. 

The percentage of the CD41 or CD45 expressing cells only increased in the GFP- 

(iSCL) group (Fig 3.9A-B). Also, the number of colonies obtained from the GFP- (iSCL) 

cells increased in response to induction, while the colony numbers from GFP+ 

(E14.GFP.1) cells remained the same or slightly decreased (Fig 3.9C).  

These data point to a cell autonomous function for SCL, disproving a mechanism 

based on a change in the level of a secreted signaling molecule to explain the mesoderm 

patterning effect of SCL. 
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Figure 3.9
GFP(‐) iSCL Dox‐ GFP(‐) iSCL Dox+ GFP(+) E14 Dox‐ GFP(+) E14 Dox+

A

cK
it

CD41
B

GFP(‐) iSCL Dox‐ GFP(‐) iSCL Dox+ GFP(+) E14 Dox‐ GFP(+) E14 Dox+

cK
it

CD45

p<0.1C
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g. Differentiation of SCL -/- cells 

 In order to see the effect of the loss of SCL on the EB differentiation, I compared 

the SCL-/- ES cells to the parental J1 ES cells. The expression of Brachyury was 

significantly higher in the SCL-/- cells. Also, the expression of the distal mesoderm genes 

Gsc, Chordin and FoxA2 were increased (Fig 3.10A). Still, the FACS profile of the cells 

looked similar on day 4 (Fig 3.10B). Thus, the increase in the level of Brachyury might 

signify a delay in mesoderm patterning, rather than production of more unpatterned 

mesoderm.   

As expected, SCL-/- EBs were completely devoid of globin expression. The 

expression of cardiac marker Nkx2.5 was increased. The absence of the hematopoietic 

lineage might have allowed more unpatterned mesoderm cells to differentiate towards 

cardiac lineage (Fig 3.10C). 

h. VP16-SCL fusion protein induces hematopoietic cell proliferation in culture  

SCL has been reported to function both as an activator (Krosl et al., 1998) and a 

repressor (Vitelli et al., 2000). I hypothesized that one of these roles would dominate 

during early development. In order to test this, cell lines were created to express the 

VP16-SCL and Eng-SCL fusion proteins inducibly, which is a technique used to convert 

a transcription factor to an obligate activator or a repressor respectively (Steiner et al., 

2006; Wang et al., 2006). 

The activating and repressing fusions of SCL acted similar to SCL in the 

mesoderm patterning assay (not shown). However, I observed a differentiation block 

caused by the late ectopic expression of VP16-SCL (data not shown) and hypothesized 

that this protein is keeping the cells in an undifferentiated state. 
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Co-culture with the OP9 stromal cell line is commonly used to support the 

growth of the hematopoietic stem cells in culture (Nakano et al., 1994). However, even in 

the presence of cytokines and on an OP9 feeder layer, hematopoietic progenitor or stem 

cells will lose their multipotency after a few days, stop proliferating and differentiate into 

terminal hematopoietic cell types. Ectopic expression of a small number of genes, 

including HoxB4 (Kyba et al., 2002) and the oncogene Bcr-Abl (Perlingeiro et al., 2001) 

have been shown to promote self-renewal of HSCs under these conditions.  

In order to test whether VP16-SCL can support the proliferation of hematopoietic 

progenitors, cKit+/CD41+ cells were sorted from the uninduced day 5 iVP16SCL EBs and 

plated on an OP9 feeder layer with or without Dox induction. Cells in the induced wells 

began proliferating strongly, while the number of cells in the uninduced wells declined 

after an initial burst of growth. The induced cells continued proliferating until the end 

point of the experiment, day 38 (Fig 3.11A). The growing cells were homogeneous in 

terms of morphology and surface marker phenotype. The small, round morphology and 

cKit+/CD41+/CD45+ surface phenotype (Fig 3.11 C, D) suggested an undifferentiated, 

progenitor cell type. This was also supported by the blast-like appearance of the cells in 

cytospin preparations (Fig 3.11B, right panel) and formation of the mixed lineage 

colonies in CFC assays. 

Removal of the ectopic protein induction was expected to stop proliferation and 

allow differentiation in culture. However, iVP16SCL cells continued proliferating more 

than 10 days after the Dox removal. Even though the cells in cytospins preparations were 

heterogeneous in morphology (Fig 3.11B, left panel), differentiation was inefficient in 
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general. This shows that the cells have gained the ability to continue proliferation without 

an external factor.  

Discussions and Conclusions 

Using the EB differentiation model, I have mapped the window of SCL function 

during early development to the mesoderm patterning stage. The effect of ectopic SCL 

expression is highest on day 4 of differentiation. This expression window corresponds to 

the highest Brachyury expression in the EB. Also, Flk1+/PDGFRα- or PDGFRα-/Flk1+, 

which correspond to the patterned mesoderm lineages, are not yet seen. The culture is 

dominated by Flk1+/PDGFRα+ cells. From these we conclude that the beginning of day 4 

in our culture system is when mesoderm initiation peaks and unpatterned mesoderm is at 

the highest level. The effect of SCL on day 3 is smaller, because mesoderm is still being 

formed. On day 5, most of the mesodermal cells available are committed to a lineage and 

thus are not affected by SCL expression. 

The data obtained from the Xenopus and zebrafish experiments on mesoderm 

patterning in response to SCL expression are contradictory. In Xenopus experiments SCL 

overexpression did not affect the dorsal-ventral patterning of the embryo (Mead et al., 

1998). However, ectopic expression of SCL in zebrafish increased hematopoietic and 

endothelial tissue at the expense of pronephric and somatic mesoderm (Gering et al., 

1998). Our findings are thus similar to the zebrafish data. Xenopus embryos were 

ventralized only when SCL was co-expressed with LMO2 (Mead et al., 2001). This 

suggests that differences between model systems might be due to differences in levels of 

LMO2 expression. 
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In another study where SCL was ectopically expressed, no change in PDGFRα 

expression was observed (Endoh et al., 2002). However, in this study, the cells were 

differentiated on OP9 cells, which are known to skew differentiation in favor of 

hematopoiesis and thus might produce only minimal amounts of paraxial mesoderm 

(Nakano et al., 1994).  

Although I observed an increase in hemangioblast formation in response to SCL 

expression, I did not observe a significant and reliable increase in the endothelial lineage. 

The bi-lineage (lateral plate and paraxial mesoderm) origin of endothelial cells 

complicates the analysis (Pardanaud et al., 1996). SCL might be increasing the 

endothelial cells of the lateral plate origin, while decreasing those produced from the 

paraxial mesoderm. An increase in endothelial differentiation was also not observed 

when SCL was transfected into the ES cells differentiating on OP9 (Endoh et al., 2002).   

One possible explanation for the observed decrease in the paraxial mesoderm and 

increase in the lateral plate mesoderm in response to SCL expression is increased 

proliferation of lateral plate mesoderm cells. However, if this were the case, I would have 

seen an increased number of GFP- iSCL cells in the induced chimeric EBs. The fact that 

the ratio of GFP- cells to GFP+ cells in the chimeric EBs was not affected by SCL 

expression shows that SCL does not change the proliferation dynamics significantly, but 

rather affects the fate of the cells.  

BMP4 is one of the main signaling factors involved in the initiation of 

hematopoiesis (Maeno et al., 1996) and it induces the SCL expression (Mead et al., 

1998). Therefore, I hypothesized that ectopic SCL expression could rescue inhibition of 

BMP4. Ectopic SCL expression recovered hematopoiesis in response to inhibition of 
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BMP4 with Noggin treatment during mesoderm patterning. The levels of hematopoiesis 

in response to SCL in cultures treated or not treated with Noggin were comparable. This 

shows that SCL does not rescue the loss of BMP4 signaling phenotype by simply 

increasing the level of BMP4 expression.   

Unexpectedly, the colony numbers in methylcellulose were not in line with the 

FACS data in these experiments (not shown). Even though Noggin-treated EBs had 

significantly less hematopoietic progenitors by FACS analysis, CFC numbers remained at 

similar levels. Sakurai and colleagues reported that Flk1+ lateral plate and PDGFRα+ 

paraxial mesoderm cells can switch fates during early differentiation (Sakurai et al., 

2006b). I hypothesized that cells in our cultures would switch their fate after removal of 

Noggin. In order to test this hypothesis, I extended the Noggin treatment until day 6 of 

differentiation in some samples. In E14 EBs this resulted in decreased colony numbers, 

but iSCL EBs still did not respond as expected. The methylcellulose assay requires an 

additional 6 days of culture after the EBs and Noggin treatment, which may still be 

enough for non-hematopoietic cells to switch to a hematopoietic fate, especially in a 

culture environment favoring hematopoietic cells.  

Induction of an extracellular signaling molecule by SCL is another plausible 

mechanism that can explain my findings. I tested this hypothesis by mixing wild type and 

SCL inducible cells in the same EBs. An extracellular signal released in response to the 

SCL expression would be expected to increase hematopoiesis also in wild type cells. 

However, the hematopoietic output did not change in wild type cells after Dox treatment. 

Therefore, I concluded that the SCL function is cell autonomous. 
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The most significant difference between wild-type and SCL-/- cells was the 

increase in the levels of distal primitive streak genes FoxA2 and Chordin. This suggests a 

role for SCL in promoting the proximal primitive streak fate. These findings will be 

discussed further in the next chapter. 

It is worth noting that SCL, a protein involved in erythropoiesis (Green et al., 

1991) does not increase the colony forming activity when expressed on days 5 and 6, a 

time window where early erythrocyte progenitors are available. Based on the results of 

studies performed in hematopoietic cell lines (32D, a late myeloid progenitor cell line and 

HL-60, a leukemic cell line), SCL has been reported to increase proliferation and block 

differentiation (Condorelli et al., 1997). The absence of this effect in EB-based 

progenitors suggests that it is not universal and progenitors in the day 5 and 6 EBs do not 

respond to SCL expression. 

SCL is an oncogene and it has been shown to increase proliferation of the 

hematopoietic cells (Condorelli et al., 1997). Still, its ectopic expression neither blocks 

the differentiation nor helps the proliferation of ES derived progenitors on OP9 (data not 

shown). However, I observed that a fusion protein, VP16-SCL can initiate the 

proliferation of hematopoietic progenitors. These data suggest that the observed 

VP16SCL phenotype is the result of switching SCL from a transcriptional repressor to an 

activator. Wild type SCL might silence certain self renewal associated genes, thus 

allowing the differentiation to proceed. 

The lack of a slow growth or plateau phase, during which a fast dividing clone 

could overtake the culture, suggests that the transformation of the cells in response to 

VP16-SCL expression is not a rare event (e.g. mutation). A likely explanation is the 
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initiation of a self-propagating stable state is keeping the cells in an undifferentiated state. 

This model may be useful to study self-renewal of hematopoietic progenitors and to 

identify factors that might induce their proliferation in culture. 
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CHAPTER 4: PROBING MOLECULAR INTERACTIONS OF SCL DURING 

MESODERM PATTERNING  

Introduction 

SCL has been shown to interact with a number of proteins. It cannot form 

homodimers, but can heterodimerize with E12 or E47 proteins to bind DNA (Hsu et al., 

1991). This binding determines the preferred DNA binding sequence for SCL (Hsu et al., 

1994). However, a DNA binding mutant of SCL in which three conserved residues 

(RER) shown to be required for DNA binding in other bHLH proteins were mutated to 

Alanine (SCL-RERAAA), was able to rescue hematopoiesis when expressed in SCL-/- 

cells (Porcher et al., 1999). On the other hand, when a heterodimerization mutant of SCL 

(F207A-L210A) was tested for the rescue hematopoiesis was absent. This shows that 

even though the DNA binding is dispensable, interaction with the E2A proteins was still 

necessary for the SCL function. The researchers did observe a decreased number of 

erythrocytes and megakaryocytes in SCL-RERAAA rescued EBs and concluded that 

even though the DNA binding is dispensable at an early stage, it was required for lineage 

specific actions of SCL. Therefore it is plausible that different interactions occur at 

different stages. 

SCL complex 

SCL also associates closely with LMO2 (Valge-Archer et al., 1994; Wadman et 

al., 1994). Although this interaction was discovered in erythroleukemia (MEL) and T cell 

leukemia (Jurkat) cell lines, the requirement for LMO2 in early hematopoiesis suggests 

that SCL and LMO2 work together in early development (Yamada et al., 1998). A 
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mutational analysis of the SCL HLH region showed a phenylalanine residue on the 

second helix (F238) to be critical for the hematopoietic function (Schlaeger et al., 2004). 

Mutation of this residue to a Glycine (SCL-F238G) decreased the amount of LMO2 

bound to SCL. LMO2 binding was also disrupted in SCL mutants that cannot form 

heterodimers with E2A proteins. However, findings summarized in this publication and 

observations of another group (Wadman et al., 1994) show that E2A proteins and LMO2 

do not directly interact in two hybrid experiments. Therefore, it is possible that some of 

the residues mutated in heterodimer-deficient SCL variants might also be required for the 

LMO2 binding. A more recent mutational analysis discovered two more helix residues 

involved in LMO2 binding and also showed that the SCL binding prevents proteosomal 

degradation of LMO2 (Lecuyer et al., 2007). 

Through LMO2, SCL interacts with GATA1 and GATA2 proteins (Osada et al., 

1995). GATA1 is required for erythropoiesis (Pevny et al., 1991). GATA1 deficient cells 

injected into the wild type blastocysts contributed to all tissues, including blood, except 

for erythrocytes. Lack of GATA2, on the other hand, leads to defects in progenitors 

higher in the hematopoietic hierarchy (Tsai et al., 1994). Although GATA2 knockout 

cells contributed to primitive erythropoiesis early on in the chimeric animals, they 

disappeared from the blood lineage by the time definitive hematopoiesis started. When 

erythroid progenitors are induced to terminally differentiate, GATA2 expression 

decreases, while GATA1 expression stays steady or increases (Leonard et al., 1993). 

Finally, overexpression of GATA2 in erythroid progenitor cells blocks differentiation and 

increases proliferation (Briegel et al., 1993). Based on these data, it has been suggested 

that GATA2 is initially active in the erythroid progenitors, but as the cells mature it is 
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replaced by GATA1. In fact, GATA2 expression is significantly higher in erythroid cells 

devoid of GATA1, suggesting a direct transcriptional regulation (Weiss et al., 1994). 

There is contradictory data regarding the involvement of GATA2 in self-renewal 

of non-erythroid blood progenitors. Experiments with an inducible form of GATA2 

showed that the overexpression of the protein resulted in the differentiation of non-

erythroid progenitor cell lines (Heyworth et al., 1999). Overexpression of GATA2 also 

induces quiescence in HSCs (Tipping et al., 2009). However, in embryos lacking only 

one copy of GATA2, HSC proliferation was hampered (Ling et al., 2004). Phenotypes of 

GATA2 (Tsai et al., 1994) and Evi1 (Yuasa et al., 2005) knockout animals, which have 

low levels of GATA2, and data obtained from in vitro differentiation of GATA2-/- ES 

cells (Tsai and Orkin, 1997) imply that cells are sensitive to the level of GATA2 

expression. A certain level is necessary for self-renewal and proliferation, while high 

level expression causes initiation of differentiation pathway. 

SCL has been shown to interact with the transcriptional repressor complex 

mSin3A and HDAC1 in MEL cells (Huang and Brandt, 2000). Surprisingly, SCL also 

has been shown to interact with the coactivator p300 complex in the same cell line 

(Huang et al., 1999). The SCL-p300 interaction becomes prominent when MEL cells are 

induced to differentiate. Under these conditions, the SCL-mSin3A interaction weakens, 

suggesting a change in the function of the complex from a repressor to an activator. 

Acetylation of SCL by p/CAF has been shown to regulate this switch by decreasing the 

strength of SCL-mSin3A binding (Huang et al., 2000).  

In vitro experiments show that SCL can bind to both mSin3A (Huang and 

Brandt, 2000) and p300 (Huang et al., 1999) directly.  Nevertheless, expression of SCL 
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by itself or with E47 and GATA2 is not sufficient to induce expression of reporter genes 

under the control of SCL target promoters (Lahlil et al., 2004; Lecuyer et al., 2002). This 

means that recruitment of factors by other SCL complex members is necessary either for 

transcriptional activation/repression or DNA binding. 

Another key member of the SCL complex is LDB1 (Lahlil et al., 2004; Wadman 

et al., 1997). LDB1 is recruited to the complex through its interaction with LMO2 and is 

required for activation of globin expression by the SCL complex (Song et al., 2007). The 

role of LDB1 is thought to be linking of protein complexes far apart on the DNA through 

homodimerization (Xu et al., 2003). 

ETO2 is a member of the SCL complex in erythrocyte progenitors (Goardon et 

al., 2006). In the complex it binds to E2A and represses targets of the complex. As the 

cells differentiate, ETO2 is removed from the complex and genes are activated. 

Knockdown of ETO2 results in premature activation of SCL target genes. Interestingly, 

an alternative pathway for SCL target gene repression/activation through direct 

interaction of SCL with mSin3A and p300, has been suggested (Huang and Brandt, 2000; 

Huang et al., 1999). Since loss of ETO2 switches the character of the complex, the 

mSin3A/p300 interaction might be secondary to the ETO2 interaction. 

The SWI/SNF family member BRG1 is another member of the complex involved 

in the repression of the targets in erythrocyte progenitors (Xu et al., 2006). Like ETO2, 

BRG1 is removed from the complex as the cells mature. For transcriptional repression, 

BRG1 recruits mSin3A and HDAC2. Overexpression of BRG1 represses the 

transcription of a target gene, P4.2, but a knockdown has not been performed. Therefore 

it is unknown whether BRG1 is required for the maintenance of the repression. Also 
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unknown is which protein BRG1 binds to in the complex. BRG1 has been shown to 

interact with GATA4 in a different context (Lickert et al., 2004), but GATA1 does not 

co-immunoprecipitate with BRG1 (Xu et al., 2006). 

Targets of SCL   

Based on the data on the structure of the SCL complex, the search for 

transcriptional targets of SCL concentrated on the genes with an E-box and a GATA 

binding site placed in close proximity on their promoters (Wadman et al., 1997). GATA1 

in erythrocytes and megakaryocytes (Vyas et al., 1999), P4.2 (Xu et al., 2003) and 

Glycophorin A (Lahlil et al., 2004) in erythrocytes are target genes that fit this profile. E-

box and GATA motifs were found to be the most common binding sequences for SCL in 

a recent high-throughput study, where SCL-bound sites in a hematopoietic progenitor cell 

line were analyzed using the ChIP-Seq method, supporting the E-box/GATA model of 

SCL complex binding (Wilson et al., 2009). 

In vascular endothelial cells the expression of Flk1 is induced by the SCL 

complex and is dependent on the E-box and GATA binding sites (Kappel et al., 2000). 

However, these sites are not adjacent to each other. Also, only the mutation of 1 of 3 

GATA binding sites completely abolishes Flk1 promoter controlled reporter gene 

expression in transgenic animals. Some transgenic animals carrying constructs mutated at 

either one of the 2 remaining GATA sites or the 2 SCL sites still express Flk1 in an 

endothelial-specific manner. SCL was shown to bind the promoter region, but further 

testing with reporter constructs that contain multiple mutations is required to reveal a 

complete picture. 

57



 

 

 

The E-box/GATA consensus binding sequence for the SCL complex seems to be 

limited to the erythroid lineage. One significant difference between erythroid and non-

erythroid functions of SCL is the requirement for the DNA binding domain. The DNA 

binding function of SCL is dispensable for early hematopoietic development (Porcher et 

al., 1999), while it is required for the erythroid maturation (Kassouf et al., 2008) and P4.2 

expression (Xu et al., 2003). Therefore, the E-box binding sequence might be irrelevant 

for the mesoderm pattering stage SCL targets (Wadman et al., 1997). In fact, in the gene 

regulatory network made up of SCL, GATA2 and Fli1; E-boxes, presumptive binding 

sites for SCL, are less important than the GATA and Ets sequences (Pimanda et al., 

2007). Finally, the presence of the GATA factors in the SCL complex during mesoderm 

patterning has not been confirmed and therefore a GATA site may also not exist on the 

promoters of the gastrulation stage SCL targets.  

c-Kit was identified as an SCL target in TF-1 cells (Krosl et al., 1998), which 

have hematopoietic progenitor characteristics (Kitamura et al., 1989). Unlike erythroid 

cell line targets, the portion of the c-Kit promoter required for the activation by the SCL 

complex does not have adjacent E-box and GATA binding sites (Lecuyer et al., 2002). 

Instead, the complex binds the promoter through a conserved Sp1 binding site. In vitro, 

Sp1 interacts with SCL, LMO2, LDB1 and GATA1; but not with E47. How Sp1 interacts 

with the complex in vivo is currently unknown. 

Runx1 and Runx3 were shown to be upregulated after the reintroduction of SCL 

to an SCL-/- yolk sac cell line (Landry et al., 2008). SCL and complex members LMO2 

and GATA2 were shown to bind the Runx promoters in fetal liver cells. However, the E-

boxes and GATA sites on the promoters are not placed closely on the promoter as would 

58



 

 

 

have been predicted from the structure of the SCL complex. Therefore, SCL and GATA2 

might be acting separately on the same promoter. In this study, the presence of 

evolutionarily conserved E-boxes was one of the criteria in selecting candidate target 

genes, therefore targets where SCL does not bind to an E-box sequence, but acts through 

another DNA binding factor were eliminated from the dataset. 

Almost all of the work on the SCL complex to date was performed in 

hematopoietic cell lines. Having established “when” SCL functions in the EB model, I 

began using EB differentiation to gain insight on the mechanism of SCL action. I applied 

an inducible expression strategy to evaluate the activity of two key SCL complex 

members, LMO2 and GATA2 and two SCL mutants, LMO2-binding defective 

SCLF238G and DNA-binding defective SCL-RERAAA. A cell line inducible for the 

expression of an in vivo biotinylated version of SCL was also created. Using this cell line 

I performed IP experiments on mesoderm patterning stage EBs to co-purify proteins SCL 

interacts with at this stage of development. To the best of my knowledge, no targets of 

SCL during early development have been identified so far. I performed transcriptional 

profiling after 6-hr induction of SCL to identify transcriptional targets of SCL.  

Results 

a. Ectopic expression of SCL complex members LMO2 and GATA2 

I hypothesized that, if LMO2 and GATA2 are in a complex with SCL during 

early development, their ectopic expression would have a similar phenotype to that of 

SCL, by promoting the formation of the SCL complex. To test this, iLMO2 and iGATA2 
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cell lines were created and time course experiments similar to the ones in the previous 

chapter were performed. 

As with SCL, I first analyzed the expression of LMO2 and GATA2 mRNAs in 

wild-type ES cells. Both genes are expressed after day 3 and peak around day 4 like SCL. 

(Fig 4.1). 

Ectopic expression of LMO2 only on day 4 led to an increase in the amount of 

CD41+ and CD45+ cells, albeit smaller than in the case of SCL (Fig 4.2A-D). The 

increase in the number of hematopoietic colonies from this sample was also statistically 

significant. Unlike SCL, however, continuous expression of LMO2 from day 3 to day 6 

of differentiation did not promote hematopoiesis (Fig 4.2E).  

This limited positive effect window suggests that LMO2 and SCL are working 

together at one stage of differentiation, day 4 in the EBs. At earlier or later time windows 

this may not be the case.  

Expression of GATA2 at early time points (day3 and 4) did not increase 

hematopoietic output. In fact, day 4 expression slightly decreased the number of CD45+ 

cells (Fig 4.3A-D). Surprisingly, ectopic GATA2 expression on days 5 and 6, while 

strongly reducing the CD45+ mature hematopoietic population, increased the percentage 

of the immature CD41+ cells (Fig 4.3E). This apparent delay in differentiation was 

reflected in colony forming assays. Plates containing cells from samples induced on day 5 

and day 6 had more colonies in general. Also, the number of large, mixed lineage 

colonies, descending from immature, highly proliferating progenitors, was higher in these 

cultures. 
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Figure 4.1
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Figure 4.1: Expression of LMO2 (A) and GATA2 (B) over a time course during EB
differentiation of E14 cells.
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Figure 4.2
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Figure 4.2: Data from LMO2 24 hr time course experiments. Surface phenotype
of differentiated iLMO2 EBs with cKit/CD41(A) and cKit/CD45(B) stainings from a
representative experiment. Percentage of CD41+(C) and CD45+(D) obtained at
repeated experiments. E) Number of colonies obtained at repeated experiments.
Data analyzed using Mann‐Whitney test
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Figure 4.3
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Figure 4.3: Data from GATA2 24 hr time course experiments. Surface phenotype
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of differentiated iGATA2 EBs with cKit/CD41(A) and cKit/CD45(B) stainings from a
representative experiment. Percentage of CD41+(C) and CD45+(D) obtained at
repeated experiments. E) Number of colonies obtained at repeated experiments.
Data analyzed using Mann‐Whitney test

63



 

 

 

This late stage phenotype of GATA2 expression is in line with earlier reports 

about the involvement of the protein in the proliferation and self renewal of 

hematopoietic progenitors (Tsai and Orkin, 1997). However, expression of GATA2, even 

though it blocked differentiation, was not enough to keep ES-derived hematopoietic 

progenitors growing on OP9 feeders (not shown). 

To see if these two transcription factors have a mesoderm programming function, 

I analyzed the EBs on day 4 of differentiation, after 2 days of induction (Fig 4.4A-B). 

Neither LMO2 nor GATA2 had SCL-like mesoderm patterning activity. Ectopic 

expression did not affect the amount of presumptive lateral plate or paraxial mesoderm 

progenitors. Supporting this finding, induced iLMO2 and iGATA2 EBs also did not have 

increased numbers of BL-CFC (Fig 4.4C-D). 

b. Ectopic expression of SCL mutants 

I decided to take a genetic approach as an alternative way of studying SCL 

complex function during early development and created cell lines expressing two known 

mutants of SCL, LMO2-binding defective SCLF238G and DNA-binding defective 

SCLRERAAA (Schlaeger et al., 2004). Earlier work with SCL-/- ES cells (Schlaeger et 

al., 2004) and zebrafish embryos treated with SCL morpholinos (Patterson et al., 2007) 

determined that the DNA binding mutant (SCLRERAAA) is sufficient to rescue the loss 

of hematopoiesis, but LMO2 binding mutant (SCLF238G) is not. However, the readout 

in these experiments was the emergence of the erythrocytes, which requires the mutant to 

rescue the SCL function in multiple steps of the development (mesoderm patterning, 

lateral plate differentiation and hematopoietic progenitor differentiation). On the other 
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Figure 4.4
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Figure 4.4: Effect of ectopic LMO2 (A) and GATA2 (B) expression on mesoderm
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markers Flk1 and PDGFRα on day 4 of differentiation. Number of blast colonies
obtained from uninduced or induced iLMO2(C) and iGATA2(D) EBs on day 3.
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hand, timed ectopic expression of mutants in differentiating ES cells allows us to analyze 

the function at different time points separately. 

Expression of both SCLF238G and SCLRERAAA during the mesoderm 

patterning stage increased the presumptive lateral plate progenitor population on day 4 of 

EB differentiation. However, a significant decrease in other mesodermal progenitors 

(PDGFRα+) was only seen in the iSCLRERAAA cells, not in the iSCLF238G cells (Fig 

4.5).  

The increase in the hematopoietic compartment on day 6 of differentiation was 

stronger in iSCLRERAAA cells. The effect of SCLF238G was not consistent (Fig 4.6). 

The data support earlier findings and show that an interaction between SCL and 

LMO2 is required for SCL to pattern mesoderm towards hematopoietic fate, but that 

DNA binding at this stage might be dispensable. 

c. Biochemical analysis of the SCL complex at the mesoderm patterning stage 

I tested several SCL antibodies, but could not find any that was strong enough, or 

did not have too many non-specific targets, for the successful purification of a protein 

complex. Therefore, I decided to ectopically express a tagged version of SCL in 

differentiating ES cells. In vivo biotinylation, which has previously been used to tag SCL 

in MEL cells for a similar purpose, was employed (Goardon et al., 2006). The inducible 

cassette has a version of SCL tagged with an in vivo biotinylation sequence (Avi-tag) on 

its amino terminus (Tirat et al., 2006). Our tag is distinct from previously used tags in 

that it also incorporates a TEV protease cleavage site for specific elution under native 

conditions. Finally, the E.coli biotin ligase, BirA, was co-expressed from the same 

transcript with an IRES sequence (Fig 4.7A). 
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Figure 4.5
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Figure 4.5: Surface phenotype of uninduced and induced day 4 iSCLF238G and
iSCLRERAAA EBs in a representative experiment.
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Figure 4.6
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Figure 4.6: Expression of cKit/CD41 and cKit CD45 markers on day 6 iSCLF238G
(A‐B) and iSCLRERAAA (C‐D) EBs.
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Expression of SCL in the iAvi-SCL cell line was confirmed by Western blot, 

both with an antibody against SCL and with Streptavidin to detect the biotinylated 

protein. Three clones were expanded and tested for SCL function. The percentage of 

Flk1-expressing cells increased, while that of PDGFRα expressing cells significantly 

decreased in response to 48 hours of SCL expression on days 3 and 4 of EB 

differentiation (Fig 4.7B). Therefore, I concluded that the biotinylated protein functioned 

as wild-type SCL in early mesoderm.  

Both iSCL and iAvi-SCL cells were induced for 2 days starting on day 2 and 

protein was isolated on day 4. In silver stained gels the SCL band was clearly visible. 6 

additional bands specific to iAvi-SCL were cut and sent for sequencing by mass 

spectrometry. Only one of those bands was identified. This turned out to be LMO2. No 

specific peptides were identified in the remaining bands. (Fig 4.8) Work is ongoing to 

identify these proteins. 

d. Transcriptional targets of SCL in the mesoderm patterning stage EBs 

The EB system is well suited for high throughput analysis, because it can provide 

large amount of starting material. Once I had established the role of SCL in the model of 

early development, I performed a microarray analysis to find new transcriptional targets 

of the protein during early development. 

For microarray analysis, d2.5 iSCL EBs were induced for 6 hours before RNA 

collection. The 6 hour time point was chosen to limit the findings to direct targets of 

SCL. qRT-PCR (Fig 4.9A) and western blotting (Fig 4.9B) showed that SCL is already 

expressed after a short induction. 
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Figure 4.7
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Figure 4.7: A) Schematic representation of the iBio‐SCL locus. Avi: Biotinylation
sequence. TEV: TEV protease cleavage sequence. IRES: Internal Ribosome Entry
Site. BirA: Biotin ligase. B) Mesoderm patterning activity of Bio‐SCL assessed
based on the expression of Flk1 and PDGFRα in the uninduced and induced cells.
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Figure 4.8
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Figure 4.8: Silver staining after IP with Streptavidin beads and elution by TEV
cleavage. Bands specific to iBioSCL are numbered. All bands except for SCL and
LMO2 remain unidentified so far.

71



 

 

 

A small number of genes were regulated in response to short term SCL induction. 

Of these, five biologically relevant targets, Chordin, FoxA2, Id1, Id2 and Id3 were 

selected and the change in the expression levels was confirmed using qRT-PCR on three 

independent biological samples (Fig 4.9C). 

I compared the repression of the newly identified SCL target genes in response to 

SCLF238G and SCLRERAAA expression in order to determine LMO2 and DNA 

binding dependent targets (Fig 4.10). The change in the level of gene expression of all 

targets was lower in response to SCLF238G overexpression, suggesting a requirement for 

LMO2 binding.   

e. SCL induces proximal mesoderm in the absence of serum factors 

In vitro differentiation towards mesoderm requires serum factors. However, 

composition of the serum is not constant among different lots. In order to be able to 

control the experimental conditions more precisely, I decided to replace serum with 

KOSR produced by Invitrogen (Cat #10828-018). I hypothesized that SCL expression by 

itself would not be able to induce lateral plate mesoderm in these cultures, since there 

will not be any mesoderm to pattern. 

 Surprisingly, the expression of SCL during days 3 and 4 in EBs, grown in serum 

free EB-diff, led to formation of whole mesoderm judged by FACS analysis on day 4 

(Fig 4.11A). The presence of the hematopoietic cells in day 6 EBs was confirmed by 

CFC assay and RT-PCR (Fig 4.11B,C). In addition to the hematopoietic differentiation, 3 

out of 12 EBs plated for cardiac differentiation initiated autonomous beating in culture, 

proving formation of a non-hematopoietic lineage, cardiac, in response to SCL 
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Figure 4.9
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Figure 4.9: Analysis of SCL expression 4 hours after induction by A) qRT‐PCR and
B) Western blot with α‐SCL antibody (BTL73). Expression of candidate target
genes in response to 4 hours of SCL induction. C) Confirmation of the
downregulation of target genes. Level of expression of five SCL target candidates
were analyzed in three independent sets of uninduced and 6‐hour induced day
2.5 EBs. Levels of expression are shown as the fold of uninduced control.
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Figure 4.10
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Figure 4.11
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Figure 4.11: Induction of proximal mesoderm by SCL under serum free
conditions. A) Surface phenotype of day 4 EB cells. B) Surface phenotype of day
6 EB cells. C) Erythrocyte colonies obtained from 50000 day 6 EB cells.
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expression under serum-free conditions. Markers of the skeletal muscle lineage were not 

expressed at significant levels.  

Discussions and Conclusions 

I have obtained three other lines of additional evidence supporting the model of 

SCL-LMO2 interaction in early hematopoiesis: The lack of a mesoderm patterning effect 

of the SCLF238G mutant, co-immunoprecipitation of LMO2 with a tagged SCL protein 

and decreased repression of SCL target genes after the expression of SCLF238G.  

The absence of a mesoderm patterning effect in response to ectopic LMO2 

expression seems to be against prior evidence suggesting an early mesoderm stage 

interaction with SCL. Most of the LMO2 protein in normal cells is bound to SCL and the 

half life of the unbound LMO2 is significantly shorter than molecules bound to SCL 

(Lecuyer et al., 2007). Therefore, the overexpressed LMO2 might be degraded quickly.  

The data I obtained in GATA2 ectopic expression experiments contradicts the 

paper by Lugus and colleagues (Lugus et al., 2007). They found GATA2 to be a 

hemangioblast enriched gene in a microarray analysis, expressed it ectopically in 

differentiating EBs under serum free conditions and showed that it can produce Flk1+ and 

SCL+ mesoderm. The main difference between the two techniques is in the preparation of 

the EBs. We used the hanging drops method, which starts with 100 cells per EB, while 

they employ the methylcellulose method where each EB comes from a single cell. A 

change in timing of differentiation could mean that we are observing the effect of 

GATA2 expression at different stages.  
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The change in the levels of expression of the target genes was limited in the 

microarray experiment. This might be due to the short window of expression I have opted 

to use. My reason for using a 6 hour window was to detect direct targets of SCL rather 

than proteins regulated due to secondary effects like the decrease in paraxial mesoderm 

or the increase in lateral plate mesoderm progenitors. Dox dependent gene expression 

reaches near maximal levels as early as two hours after the induction in our system. 

However, most of the targets identified were downregulated genes and therefore the half 

life of the RNA that is already in the cell before the induction affects the level of 

downregulation.  

An incomplete repression of some or all target genes by SCL is theoretically 

possible. SCL might be competing out the transcription factors responsible for the 

expression of these genes. Also, expression in cells that do not express LMO2 might 

escape SCL mediated repression. Finally, complete repression might require chromatin 

remodeling, which may not be finished in 6 hours. 

FoxA2 (Kinder et al., 2001a) and Chordin are both expressed in the distal 

primitive streak. SCL, by downregulating this transcription factor might be suppressing 

distal fates (node, somites) in favor of the proximal hematopoietic mesoderm. The 

transcriptional repression of these genes by SCL is supported by their increased 

expression in the SCL-/- EBs. 

Id1 and Id3, members of the Id protein family, can bind to HLH transcription 

factors, but cannot bind to DNA. Therefore they are known as inhibitors of the HLH 

family. Id proteins have been shown to interfere with the differentiation of the muscle 
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when overexpressed (Jen et al., 1992). Their downregulation by SCL thus suggests a 

positive feedback mechanism that reinforces the effect of SCL expression. 

 

A mesoderm inducing role for SCL is unexpected based on the normal 

gastrulation phenotype of knockout mouse embryos (Elefanty et al., 1999; Robb et al., 

1995; Shivdasani et al., 1995) and contribution of the knockout cells to all tissues in 

chimeric embryos (Porcher et al., 1996; Robb et al., 1996). Also, my qRT-PCR analysis 

showed no effect of SCL expression on Brachyury expression in serum containing 

medium (Fig 3.5B). These data suggest that the mesoderm inducing effect of SCL is a 

secondary phenotype, which is unmasked by the absence of the regular mesoderm-

inducing factors.   

 To explain these observations I propose a model, where SCL lowers the 

threshold of cells to BMP4 signal either by cell-autonomous mechanism or by repressing 

the competing distal primitive streak fate, which decreases the effect of BMP4 signal 

through secretion of inhibitors, like Chordin (Fig 4.12). Mesoderm induction is not 

affected in the SCL-/- embryos, because of high amount of BMP4 secretion. In other 

words, suppression of the distal primitive streak by SCL is only a secondary mechanism 

in development. Still, the increased expression of FoxA2 and Chordin in SCL-/- EBs 

points to the possibility of an undiscovered perturbation in the primitive streak of these 

embryos. More careful analysis of E6.0-E7.5 embryos is required for a definitive answer 

to this question. 
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Figure 4.12
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Figure 4.12: Proposed model of mesoderm patterning by SCL.
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CHAPTER 5: CO-EXPRESSION OF SCL COMPLEX MEMBERS SCL, LMO2 

AND GATA2 INDUCE EFFICIENT HEMATOPOIESIS IN MONOLAYER 

CULTURE IN THE ABSENCE OF SERUM  

Introduction 

The formation of the primitive streak in the posterior epiblast and its patterning 

to blood requires induction by the visceral endoderm (Belaoussoff et al., 1998). The most 

common method for hematopoietic differentiation in vitro is EB formation. EBs contain 

both epiblast-like and visceral endoderm-like populations that can interact and mimic the 

mesoderm induction in the embryo (Doetschman et al., 1985). Therefore, ES cells 

differentiate to blood readily when cultured in EBs (Keller et al., 1993). Another 

requirement for blood formation is the mesoderm-inducing activity of FBS. EBs 

differentiated in serum-free media without added growth factors will form a small 

amount of mesoderm, probably due to paracrine signaling, but no blood (Johansson and 

Wiles, 1995). 

The signaling factors present in each lot of FBS may vary significantly and affect 

the results obtained in different labs. Furthermore, variation in intracellular interactions in 

EBs may even affect different experiments in the same lab. The monolayer culture 

system is better suited to isolate and investigate the effect of one factor, because the 

control of the experiment is more precise. Production of blood in a serum-free monolayer 

culture system would also be preferred in a clinical setting, since it avoids the use of an 

animal product, FBS and is easy to scale up for large quantities. 
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Emrbyonic development drives cells to a state where specific gene sets that are 

necessary for the function of a specific cell type are expressed, while the expression of 

most other genes is silenced. As cell fates become more specialized, more permanent 

epigenetic marks of chromatin, e.g. histone deacetylation, phosphorylation and 

methylation, are used to silence the unused portion of the genome. 

An attractive approach to bypass the complexity of developmental pathways is to 

modulate the transcriptome directly with transcriptional regulators that govern the lineage 

of interest (Darabi et al., 2008). Candidates that might fit this description and drive cells 

to a hematopoietic fate have been identified through the study of hematopoietic 

development in embryos. 

Ihh, a signal molecule secreted by the visceral endoderm, can induce 

hematopoiesis (Dyer et al., 2001). Ihh upregulates BMP4 expression and BMP4 has been shown 

to induce hematopoietic factors SCL (Mead et al., 1998), LMO2 (Mead et al., 2001) and 

GATA2 (Maeno et al., 1996) in Xenopus embryos. Expression of SCL or GATA2 is 

sufficient for blood formation in animal explants (Maeno et al., 1996; Mead et al., 1998). 

In this part of the study, I used ectopic SCL expression to induce blood formation 

in a serum free monolayer system. I observed that while expression of SCL alone is 

capable of driving a small number of cells to the hematopoietic lineage, co-expression of 

SCL, LMO2, and GATA2 induces this lineage rapidly and in the majority of the cells. 

When the three factors are co-expressed, induction of blood does not proceed through the 

regular mesodermal route, requires only 24 hours of ectopic expression and is complete 

in 48 hours. The results suggest, progenitors fated for the ectodermal lineage are stably 

converted to blood cells in response to SCL, LMO2, GATA2 cocktail expression. 
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Results 

a. SCL can induce hematopoiesis in monolayer culture 

First, I followed the expression of the key differentiation markers in the 

monolayer differentiation of the E14 cells. Pluripotency markers Oct4, Nanog and Rex1 

were quickly downregulated. Fgf5, a marker of epiblast, was initially upregulated and 

reached its peak on day 2 (Fig 5.1A). Expression of mesendodermal markers was low 

compared to the EBs grown in serum. This was also apparent from the lack of 

PDGFRα/Flk1 expression in the uninduced cultures (Fig 5.2A). All mesodermal markers 

analyzed peaked on day 4 of culture (Fig 5.1B). Ectodermal markers were expressed 

most robustly in this culture system. Their expression continued to increase until day 6, 

the last day of analysis in this experiment (Fig 5.1D). 

I grew the iSCL cells in monolayer cultures and ectopically induced the 

expression of SCL. Flk1+ cells emerged in the induced wells on day 4 of culture (Fig 

5.2B). On day 6, the analysis of hematopoietic markers by FACS and colony assays 

showed the production of the hematopoietic cells only in the induced wells (Fig 5.3A-B).  

b. Co-expression of SCL, LMO2 and GATA2, allows production of the blood cells from 

the pluripotent cells with high efficiency 

SCL was shown to form a protein complex in hematopoietic cell lines. The 

interaction with proteins LMO2 and GATA1 or GATA2 maximizes the transcription 

from a reporter plasmid, which contains E boxes and GATA binding sites (Wadman et 

al., 1997). In zebrafish, it was shown that SCL’s ability to promote hematopoiesis was 

limited to the tissues where it can induce LMO2 expression and co-expression of the two 
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Figure 5.1
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Endoderm Ectoderm
C D

Figure 5.1: Analysis of differentiation in monolayer cultures. Genes specific for
four embryonic lineages were analyzed by qRT‐PCR Levels were normalized tofour embryonic lineages were analyzed by qRT‐PCR. Levels were normalized to
the maximum in the set for each marker to show trends. The error bars show
the standard error from three biological replicates.
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Figure 5.2
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Figure 5.2: Mesoderm differentiation in monolayer cultures. Analysis of
mesoderm differentiation from A) E14 and B‐C) iSCL cells in monolayer culture
by FACS.

PDGFRα

84



Figure 5.3
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Figure 5.3: Induction of hematopoiesis by SCL in monolayer culture. A) FACS
analysis of day 6 E14 and iSCL cells. B) EryP colonies obtained from 50000
differentiated cells.
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proteins was more effective in inducing blood from non-hematopoietic tissues like the 

cardiac or the somitic mesoderm (Gering et al., 2003). Also, the expression of SCL and 

LMO2, with the addition of GATA1 has been shown to induce ectopic blood formation 

in the zebrafish (Gering et al., 2003) and the Xenopus (Mead et al., 2001) embryos.  

Increase in hematopoietic differentiation efficiency in response to co-expression 

of SCL and LMO2 was only marginal (Fig 5.4). I therefore tested the effect of co-

expressing SCL, LMO2 and GATA2. 

I noted a striking morphological change in response to the transcription factor 

cocktail expression (Fig 5.5A). Many cells in the induced cultures adopted a round 

morphology and then detached from the plate, suggesting a hematopoietic fate. The 

suspension cells were almost homogenously CD41+ (Fig 5.5B), but they had very low 

hematopoietic colony forming potential. 

Efficient induction of hematopoiesis by day 6 of differentiation was confirmed 

by the expression of the hematopoietic marker CD41 (Fig 5.6A). I evaluated Flk1 and 

PDGFRα expression on day 4 to determine whether in vitro hematopoiesis was preceded 

by a wave of mesoderm. Although the number of the Flk1 expressing cells was slightly 

higher in the induced set, the increase was miniscule compared to the levels of CD41 

expression two days later (Fig 5.6B).  Unexpectedly, the increase in the number of CD41-

expressing cells did not translate to an increase in colony forming ability relative to that 

seen with SCL alone under these conditions of continual induction (Fig 5.6C).  

c. 24 hour expression of the transcription factor cocktail is sufficient for programming  

The SCL complex is involved in the differentiation and maturation of 

erythrocytes and megakaryocytes and thus I reasoned that maintained ectopic expression 
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Figure 5.4
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Figure 5.4: Hematopoietic differentiation in response to SCL‐LMO2 expression.
The cells were induced on the noted day for 24 hours, except for the last sample,
which was induced for 4 days. Surface phenotype was analyzed on day 6.
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Figure 5.5
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Figure 5.5: Induction of hematopoiesis by SCL, LMO2 and GATA2 coexpression.
A) Morphological change observed in monolayer cultures in response to SCL‐
LMO2‐GATA2 expression. B) Surface phenotype of the cells that detach from the
plate after induction.
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Figure 5.6

iSCL‐LMO2‐GATA2
Uninduced ‐ day 4

B
iSCL‐LMO2‐GATA2
Induced ‐ day 4

iSCL‐LMO2‐GATA2
Uninduced ‐ day 6

iSCL‐LMO2‐GATA2
Induced ‐ day 6

A

Fl
k1

iSCL LMO2 GATA2 iSCL LMO2 GATA2

cK
it

CD41

iSCL‐LMO2‐GATA2
Uninduced – day 6

iSCL‐LMO2‐GATA2
Induced – day 6

C

Figure 5.6: Induction of hematopoiesis by SCL, LMO2 and GATA2 coexpression.
A‐B) Surface phenotype of cells differentiating as monolayer. C) Hematopoietic
colonies obtained from 50000 iSCL‐LMO2‐GATA2 cells.
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of these factors might be driving the cells towards terminal differentiation once they are 

committed to hematopoietic fate. Also, long term culture of hematopoietic progenitors 

requires supportive cytokines or feeder cell lines, which are absent from this culture 

system. As a result, hematopoietic progenitors might be differentiating rapidly after being 

generated. I therefore tested the effect of inducing the factors in 24 hour pulses. SCL, 

LMO2 and GATA2 were induced on different days of differentiation and all samples 

were analyzed on day 6 for the expression of the CD41 marker and for colony forming 

potential. Induction on day 5 was the most potent by both indicators (Fig 5.7 A-B). 

Consistent with the idea that maintained over-expression of SCL, LMO2 and GATA2 

might have been forcing the subsequent differentiation of the hematopoietic progenitor 

cells produced in monolayer; I observed significant colony forming activity under these 

conditions. When the cells induced during day 5 were plated in semisolid medium on day 

6, about 300 erythroid colonies formed from 50000 cells (Fig 5.7B). More significantly, 

whereas previously with longer inductions, we observed only a few multi-lineage 

colonies, the short induction generated about 100 mixed-lineage colonies per 50000 cells, 

indicating the presence of progenitors higher in the hematopoietic hierarchy (Fig 5.7B). 

Hematopoietic cells are normally cultured in the presence of supporting 

cytokines or feeder cell lines neither of which is present in our culture system. Therefore, 

a loss of potential might be expected when the cells spend time in culture after being 

programmed to hematopoietic lineage. To test this, the 24 hour induction time course was 

repeated with the analysis of CD41 expression quickly afterwards. Since the change in 

morphology was first observed 48 hours after the beginning of the Doxycycline 

administration, I concentrated my analysis on this time point. 
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Figure 5.7
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Figure 5.7: 24 hours of factor expression is sufficient for hematopoietic
induction. A) FACS profile of iSCL‐LMO2‐GATA2 cells induced for 24 hours at
different time points during culture and analyzed on day 6. Each box represents
a day of culture, green boxes represent the day of induction. B) EryP and mixedy , g p y ) y
lineage colony counts from day 6 iSCL‐LMO2‐GATA2 cultures.
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SCL, LMO2 and GATA2 were expressed for 24 hours during different days of 

monolayer culture and cells were analyzed 24 hours after the removal of Doxycycline 

(Fig 5.8A). Only about 2% of the cells were CD41+ when cultures were induced on the 

first day of differentiation and analyzed at the end of the second day. Induction during the 

second day yielded higher percentage of CD41+ cells. After this initial period of weak 

response, induction resulted in about 40%-50% conversion to the hematopoietic lineage. 

The efficiency of the hematopoietic programming decreased again when cells were 

induced after 9 days of culture. From these data, we concluded that the cells are most 

responsive to the hematopoietic programming factors between days 3 and 9 of the 

culture. 

I further characterized hematopoietic programming using day 5 induction. 24 

hours after the beginning of the induction, only limited CD41 expression was seen, 

indicating low level of hematopoiesis (Fig 5.8B). The percentage of the CD41+ cells 

reached maximum levels (~40-50%) at 48 hours (Fig 5.8C). At this time point, 

expression of globin genes was also much higher than at 24 hours (~80 fold increase for 

embryonic globin and ~400 fold increase for β-major globin) (Fig 5.8D). 

d. Programming does not proceed through a mesodermal intermediate 

 To see if the cultures were programmed to the hematopoietic fate through a 

mesodermal precursor, I compared the expression of mesodermal marker Brachyury in 

the uninduced and induced cultures 24 and 48 hours after the beginning of the induction. 

The level of Brachyury expression was significantly lower in the induced cultures at both 

time points (Fig 5.9A). This finding rules out a mesodermal intermediate in the induced 

hematopoiesis of these cells. The decrease in the level of Brachyury suggests that 
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Figure 5.8
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Figure 5.8: Hematopoietic programming is completed in 48 hours. A) iSCL‐LMO2‐
GATA2 cells were induced for 24 hours at different days during culture and
surface profile analyzed 48 hours later. Emergence of hematopoietic cells after
48 hours shown by B‐C) FACS analysis and D) qRT‐PCR analysis of globin
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expression. The levels shown are fold of GAPDH. The error bars represent
standard error from three independent biological replicates.
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mesodermal precursors differentiated quickly in response to SCL, LMO2 and GATA2 

expression. However, considering low levels of Brachyury (Fig 5.1B) and Flk1 (Fig 

5.5B), a model where transcription factors only act on mesoderm cells cannot explain the 

conversion of half of the cells in the culture to hematopoietic fate in only 48 hours. 

e. Programming to the hematopoietic fate is irreversible in ectoderm 

To obtain insight into the nature of the cells that were responding to the 

transcription factor cocktail, I measured the expression of two ectodermal transcription 

factors Pax6 and Sox1, and mesendodermal marker FoxA2 in the SCL-LMO2-GATA2 

uninduced and induced cultures. In only 24 hours, expression of these markers was 

decreased 5 to 10 fold (Fig 5.9). To determine whether this loss of marker expression was 

not due to transient repression but indicated a stable change of fate, I analyzed the 

cultures after the removal of induction. SCL-LMO2-GATA2 RNA was expressed for 24 

hour periods during differentiation and all samples were collected and analyzed on day 6. 

Expression of Fgf, Brachyury and Goosecoid recovered to near basal levels after 

the removal of Dox from the cultures, suggesting many progenitors that will give rise to 

Brachyury-expressing cells are not affected by the inducing cocktail (Fig 5.10). On the 

other hand, the expression of the ectodermal markers Pax6, Foxg1, Ngfr and Sox1 were 

still low even 4 days after the removal of the induction (Fig 5.10). These data show that 

ectopic expression of SCL complex proteins SCL, LMO2 and GATA2 for 24 hours 

reprogrammed ectodermal progenitors to the hematopoietic lineage irreversibly. 
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Figure 5.9
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Figure 5.9: qRT‐PCR analysis of A) epiblast, B) mesendodermal and C)
ectodermal marker genes in day5 iSCL‐LMO2‐GATA2 cells. The induced cells
received Dox for 24 hours right before the collection of the RNA. The levels
shown are fold of GAPDH. The error bars represent standard error from three
independent biological replicates.
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Figure 5.10
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Figure 5.10: qRT‐PCR analysis of A) epiblast, B) mesendodermal and C)
ectodermal marker genes in day6 iSCL‐LMO2‐GATA2 cells. The induced cells
received Dox for 24 hours on day 3 of culture. The levels shown are fold of
GAPDH. The error bars represent standard error from three independent
biological replicatesbiological replicates.
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Discussion and Conclusions 

In this part of my study, I have shown the ability of a three member transcription 

factor cocktail to directly induce hematopoiesis from non-mesodermal cells in a 

monolayer, defined medium culture system in the absence of signaling factors that are 

normally required for blood development.  

I have previously shown that expression of SCL in EBs can skew differentiation 

towards hematopoiesis. In this serum free monolayer system, SCL alone was able to 

induce some Flk1 expression and hematopoiesis. However, the levels were much lower 

compared to the EBs cultured in serum containing medium. From this I concluded that 

the effect of SCL was limited to the low number of mesoderm cells created in this 

system. SCL has been shown to be a part of a self regulating hematopoietic 

transcriptional network with GATA2 and Fli1 (Pimanda et al., 2007), but these data show 

that SCL expression by itself is not sufficient to start the cascade. 

Studies in model organisms showed co-expression of LMO2 extended the area 

programmed to blood in response to SCL expression (Gering et al., 2003; Mead et al., 

2001). In our experiments, expression of two factors together did not improve the output 

significantly. The dramatic improvement in hematopoietic programming was only 

observed after the addition of GATA2 into the cocktail. 

Previous studies in zebrafish (Gering et al., 2003) and Xenopus (Mead et al., 

2001) models used GATA1 instead of GATA2 and observed ectopic erythropoiesis rather 

than multilineage hematopoiesis. GATA1 is normally limited to the erythropoietic 

lineage and thus may not support other progenitors (Ohneda and Yamamoto, 2002). Also, 

in the experiments cited, the ectopic expression of the factors was not turned off. As we 
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have observed, continuous expression of these factors leads to rapid differentiation 

instead of progenitor expansion. Interestingly, Gering and colleagues co-expressed 

GATA1 instead of GATA2 with SCL and LMO2 in their Xenopus experiments, but this 

resulted in the loss of erythropoiesis induction phenotype (Gering et al., 2003). There are 

hematopoiesis-blocking signals in an embryo, as well as inducing ones. The 

programming potential of the SCL complex might have been masked in the complex 

environment of an embryo. 

GATA2 is known to be necessary for the proliferation of early hematopoietic 

progenitors (Tsai et al., 1994). Therefore, one important contribution of GATA2 in this 

system may be to support hematopoietic cell survival and proliferation after commitment. 

During development, hematopoietic cells descend from lateral plate mesoderm, 

which is marked by the expression of Flk1 in the mouse embryo (Sakurai et al., 2006a). 

Therefore, we first hypothesized that mesoderm cells were the source of hematopoiesis in 

our culture system. Following a similar reasoning, Nishikawa and colleagues grew ES 

cells on collagen IV coated plates in serum containing medium and separated Flk1+ 

mesoderm cells to induce blood formation from ES cells (Nishikawa et al., 1998). 

However, the frequency of cells expressing Flk1 following co-expression of SCL, LMO2 

and GATA2 is not sufficient to explain the boost in hematopoietic cell numbers. 

Furthermore, the expression of the mesodermal marker Brachyury, which is significantly 

lower than its expression in EBs, is further downregulated in response to transcription 

factor cocktail expression. From these, I concluded that the hematopoietic cells produced 

in this system did not go through a mesoderm intermediate. 
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An alternative explanation is that the transcription factor cocktail directly 

programs cells to the hematopoietic fate. A similar phenomenon was recently observed in 

the Xenopus embryos, where Chen and colleagues showed that expression of Runx1 can 

induce ectopic myelopoiesis without increasing the expression of the mesodermal 

markers (Chen et al., 2009). 

An analysis of the expression of the germ layer markers showed severe reduction 

in all three germ layers, suggesting conversion of all cell types. This model is supported 

by the data obtained from the time course analysis of hematopoietic induction potential 

(Fig 4a). Even though the cell types in culture change over time, the level of the 

hematopoietic induction stays roughly the same from day 3 to day 8, suggesting all early 

cell types are affected similarly. 

In other published examples, the complete programming of the lineage requires 

the expression of factors for an extended period. In our case, 24 hour expression of a 

cocktail of SCL complex members followed by 24 hours of uninduced culture was 

sufficient for strong, although not maximal, hematopoietic induction. It could be argued 

that the expression of three transcription factors, SCL, LMO2 and GATA2, could induce 

the expression of the hematopoietic target genes, like globins or CD41, without actually 

changing the fate of the cell. However, the data presented here shows that these markers 

were not induced directly by the complex, but rather were turned on as the cells matured 

in the second 24 hours of the culture in the absence of factor expression. 

After the removal of the factors, most cells did not lose hematopoietic marker 

expression. Expression of the epiblast marker Fgf5 and the mesendodermal markers 

Brachyury and Goosecoid bounced back to the levels of the uninduced cells after three 
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days of culture without induction. On the other hand, the expression of ectodermal 

markers Pax6, Sox1 and Otx2 did not bounce back, suggesting a complete loss of the 

ectodermal fate. I hypothesize that the cells that were not completely programmed during 

the 24 hour expression period, reverted back to a developmentally nearby lineage, namely 

the mesendoderm.  

The efficiency I observed might be the result of the plastic nature of early 

embryonic cells. It is not yet known whether the expression of these three factors can 

reprogram a fully differentiated somatic cell type, e.g. a fibroblast, but based on the loss 

of efficiency with later term inductions in monolayer cultures, it is likely that 

reprogramming a somatic cell type to blood will not be as straightforward. Such a 

conversion would likely require the removal of the epigenetic marks and thus either 

require more time or additional factors.  

An unexpected result was the lack of response from the ES cells in the first two 

days of culture. During these days the self-renewal program of the ES cells is still active 

and I hypothesize that the differentiation signals are ignored as a result of this. 

Having a simple system for the production of required cell types is crucial for 

therapeutic applications. The advantage of the monolayer differentiation over the EBs is 

scalability and ease of use in a clinical setting. Additionally, monolayer differentiation is 

expected to be less variable and to allow more precise control, compared to a system 

where complex intracellular interactions occur at a significant level. To our knowledge, 

this is so far the only report of efficient hematopoiesis from ES cells in a serum free 

monolayer culture system. 
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Monolayer differentiation is expected to be scalable, because it removes the rate- 

limiting EB formation step. However, genetic engineering to enable inducible gene 

expression is not suited for differentiation of ES cells for therapeutic purposes. An ideal 

method would induce hematopoiesis without a need for sort separation of populations or 

genomic engineering for gene expression. During the course of these experiments, I 

observed that certain lots of bovine serum, contained factors sufficient to induce 

hematopoiesis in the cultures of wild type ES cells. This suggests that the induction by 

extracellular signaling factors is possible. 

The cells used in this study were engineered to express transcription factors 

inducibly. Genetic modification is both a risk factor and a rate-limiting step for clinical 

application. Recent studies in the reprogramming field have shown that genomic 

integration can be avoided by transfection of plasmid verctors (Yu et al., 2009) or 

transduction of recombinant proteins (Kim et al., 2009). Furthermore, we have shown 

that unlike pluripotency factors, expression of the hematopoiesis-inducing factors does 

not have to be continuous. Therefore, a one-time transfection of the expression plasmids, 

RNA or recombinant proteins may be sufficient for the induction. Similar methods to 

produce and study other lineages can be adapted. 
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CHAPTER 6: CONCLUSIONS AND FUTURE STUDIES 

In this project I set out to answer two questions about the hematopoietic master 

regulator SCL: What effect does SCL have on cells in different stages of hematopoietic 

development? (Chapter 3) and Through what molecular mechanisms does SCL act in 

early development? (Chapter 4) 

Work directed to answer the first question has been conducted in different non-

mammalian models (Gering et al., 1998; Gering et al., 2003; Mead et al., 1998). A 

common finding of all the studies has been an increase in the hematopoiesis in response 

to the SCL over-expression. It has been suggested that SCL programs the mesoderm to a 

hematopoietic fate. However, none of these models are as flexible, practical, or easy to 

interpret as mouse ES cell differentiation. A combination of the tet-inducible gene 

expression and the ES cell differentiation allowed me to perform a detailed time course 

analysis in a mammalian model system.  

I have found that ectopic SCL expression leads to an increase in the 

hematopoietic compartment and a decrease in other mesodermal lineages. I have shown 

this effect to be temporally limited to the mesoderm patterning stage of EB 

differentiation. Furthermore, I proved that this function is cell autonomous using 

chimeric EBs made up of iSCL and wild-type cells. In other words, SCL does not pattern 

the mesoderm by inducing the expression of a secreted morphogen, like BMP4 or Wnts. I 

also looked for signaling systems upstream of SCL and determined that SCL acts 

downstream of BMP4 by using the BMP inhibitor Noggin.  
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The molecular interactions required for SCL function have mostly been studied 

in hematopoietic cell lines. In order to answer the second question, I used the model 

established in the first part of the study.  

I have shown that SCL-LMO2 interaction is necessary for the patterning of the 

mesoderm by SCL. Ectopic expression of LMO2 during mesoderm patterning stage 

increased hematopoietic output like SCL and a mutant of SCL that binds LMO2 weakly, 

did not affect hematopoiesis. 

IP experiments were performed in cells where SCL was ectopically expressed in 

order to gather enough material for silver staining and mass spectrometry. This might 

have resulted in the formation of biologically irrelevant complexes. Therefore, 

confirmation of the candidate genes with IPs in wild-type ES cells is warranted. 

Knockout or knockdown phenotypes of candidate SCL interacting proteins during 

mesoderm patterning should also be performed to determine relevance. 

We and others have shown that SCL-LMO2 interaction is required for mesoderm 

patterning (Gering et al., 2003), but it is still not clear why this interaction is necessary. 

Comparing proteins interacting with SCL in the presence or absence of LMO2 would 

reveal information on the exact role of LMO2 in the complex. This experiment could be 

performed through the immunoprecipitation of LMO2-binding deficient SCLF238G. 

However, SCLF238G still has some LMO2 binding activity (Schlaeger et al., 2004) and 

thus decreased binding of proteins should be expected, rather than a complete absence. 

Immunoprecipitation of SCL in the LMO2-/- cells or wild-type cells after LMO2 

knockdown would also be worthwile. However, loss of LMO2 might result in the loss of 
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the relevant cell population, lateral plate mesoderm, and thus the findings might be 

biologically irrelevant. 

 

The microarray analysis indicated distal primitive streak genes FoxA2 and BMP 

inhibitor Chordin and two members of the Id family, Id1 and Id3 as direct and novel 

targets of SCL during early differentiation. 

Downregulation of distal primitive streak genes FoxA2 and Chordin by SCL 

offers a possible model for the patterning of mesoderm towards hematopoiesis, a 

proximal fate. It is also possible that SCL is necessary to stabilize the proximal fate by 

repressing genes associated with the distal fate. We do not yet know whether this 

downregulation is biologically relevant. Early streak embryos should be co-stained for 

SCL and FoxA2 expression to show whether they are co-expressed in the same cell or 

exist in a salt and pepper distribution, like GATA6 and Nanog in the ICM (Chazaud et 

al., 2006). Expression of FoxA2 in SCL-/- embryos (or vice versa) should also be 

evaluated.   

 

My findings here on the downstream targets and interacting partners of SCL 

during early hematopoiesis can be used as a starting point to reveal a better picture of the 

early hematopoiesis. 

 

I used a short induction before microarray analysis to enhance the detection of 

direct transcriptional targets. Nevertheless, ChIP to show direct binding of SCL to the 

promoters of the target genes is necessary to conclude direct regulation. SCL binding by 
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itself to target sites may not be sufficient to change the gene expression. For example, in 

erythrocyte progenitors, SCL complex was shown to bind the DNA without affecting the 

gene expression and only to activate it later in development. Using high-throughput 

methods in tandem with ChIP (ChIP-chip or ChIP-seq) may reveal additional SCL 

binding sites and additional targets might be revealed using this technique. 

Another question remaining regarding the mesoderm patterning function of SCL 

is whether all the target genes require the binding of the same SCL complex. Preliminary 

data in chapter 4.d suggests that LMO2 binding is necessary for the repression of the 

targets I have identified here. ChIP experiments with LMO2 or GATA2 and comparison 

of binding sites to SCL ChIP results may identify sites bound by different types of SCL 

containing complexes.  

 

In the final part of the study, I used the cues from developmental biology to 

develop a protocol to induce hematopoiesis efficiently in monolayer cultures (Chapter 

5).  

Directed differentiation of the pluripotent cells to specific lineages has gained 

importance in recent years. The generation of pluripotent cells from somatic cell types 

has opened up the possibility to create patient-specific cell lines and differentiate them 

back to a needed cell type for therapy. ES cells spontaneously differentiate in vitro to 

form a mixture of cells that normally descend from the three germ layers. Most ES cell 

differentiation protocols aim to mimic natural development to channel differentiation 

towards a specific cell type. However, due to the complexity of the process, these 

protocols usually require labor intensive steps, like embryoid body (EB) formation or 
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FACS separation, that are difficult to scale up, and reagents that are difficult to adapt for 

clinical use, like bovine serum. A major goal of regenerative medicine is the development 

of simple scalable methods for efficient differentiation of ES cells into specific cell types. 

Somatic cells express specific gene sets that are necessary for their function, 

while the expression of most other genes is silenced. As cell fates become more 

specialized, more permanent epigenetic marks of chromatin, e.g. histone deacetylation, 

phosphorylation and methylation, are used to silence the unused portion of the genome. 

Thus it is thought that the transcriptome and hence the somatic cell type cannot be 

switched to another cell type easily. In recent times, cascades of transcription factor 

regulation governing the establishment of lineage-specific transcriptomes during 

development have been identified. A number of successful attempts based on this 

knowledge, like the expression of c/EBPα and c/EBPβ to reprogram B cells to 

macrophages (Xie et al., 2004); expression of MyoD in NIH3T3 cells to form myoblasts 

(Russo et al., 1998) and recently conversion of fibroblasts to ES-like pluripotent cells 

(Takahashi and Yamanaka, 2006), have shown that ectopic expression of certain 

transcription factors can change cell fate.  

First, I showed that SCL can induce hematopoiesis in monolayer cultures, a 

function normally carried out by signals emanating from the visceral endoderm 

(Hochman et al., 2006). However, the level of induction was very low. Co-expression of 

LMO2 and GATA2 with SCL improved efficiency remarkably, and resulted in the 

routing of progenitors of other germ layers into the hematopoietic lineage with high 

efficiency.  
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Blood formation without genetic manipulation of the cells would be ideal for 

clinical purposes. My initial work with monolayer cultures was done with serum 

containing medium and in these experiments I have observed hematopoietic activity from 

wild-type ES cells. This suggests that soluble factors present in serum might also be used 

to induce hematopoiesis, if they can be identified. 

BMP4 has been shown to induce SCL (Mead et al., 1998), LMO2 (Mead et al., 

2001) and GATA2 (Maeno et al., 1996) expression. Therefore, theoretically, addition of 

BMP4 to monolayer culture system should mimic the expression of the transcription 

factor cocktail. Indeed, BMP4 has been shown to induce blood formation in the EBs 

grown under serum free conditions. However, the EBs and the animal explants might be 

secreting secondary signals in response to BMP4, which will disperse into the medium 

and thus may not be as effective in the monolayer culture system as they are in the EBs or 

in vivo. Comparisons between cultures either treated with BMP4 or induced to express 

the transcription factor cocktail by high-throughput systems, like microarray, will provide 

clues to find out the soluble or cell-autonomous factors responsible for the induction of 

blood fate in this culture system.  

Hematopoietic cells produced from the mouse embryonic stem cells do not 

repopulate the hematopoietic system of the adult animals. Expression of some 

transcription factors like HoxB4 has been shown to allow cells to repopulate adults (Kyba 

et al., 2002). I have not tested the repopulation ability of SCL-LMO2-GATA2 induced 

hematopoietic cells, but it is highly likely that additional factors will be required to 

enable these cells to act as definitive HSCs. In colony assays the monolayer progenitors 

form colonies similar to those obtained from EBs cultured in serum. If the two 
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populations are proved to be identical after more rigorous testing, e.g. by comparison of 

their transcriptomes, the knowledge gained from the EB differentiation studies should be 

applicable to the production of transplantable cells from a monolayer culture.  

108



 

 

 

REFERENCES 

 Amaya, E., Musci, T.J., and Kirschner, M.W. (1991). Expression of a dominant 
negative mutant of the FGF receptor disrupts mesoderm formation in Xenopus embryos. 
Cell 66, 257-270. 
 
 Anguita, E., Hughes, J., Heyworth, C., Blobel, G.A., Wood, W.G., and Higgs, 
D.R. (2004). Globin gene activation during haemopoiesis is driven by protein complexes 
nucleated by GATA-1 and GATA-2. Embo J 23, 2841-2852. 
 
 Aplan, P.D., Nakahara, K., Orkin, S.H., and Kirsch, I.R. (1992). The SCL gene 
product: a positive regulator of erythroid differentiation. Embo J 11, 4073-4081. 
 
 Beddington, R.S. (1994). Induction of a second neural axis by the mouse node. 
Development (Cambridge, England) 120, 613-620. 
 
 Begley, C.G., Aplan, P.D., Denning, S.M., Haynes, B.F., Waldmann, T.A., and 
Kirsch, I.R. (1989). The gene SCL is expressed during early hematopoiesis and encodes a 
differentiation-related DNA-binding motif. Proceedings of the National Academy of 
Sciences of the United States of America 86, 10128-10132. 
 
 Belaoussoff, M., Farrington, S.M., and Baron, M.H. (1998). Hematopoietic 
induction and respecification of A-P identity by visceral endoderm signaling in the mouse 
embryo. Development (Cambridge, England) 125, 5009-5018. 
 
 Ben-Haim, N., Lu, C., Guzman-Ayala, M., Pescatore, L., Mesnard, D., 
Bischofberger, M., Naef, F., Robertson, E.J., and Constam, D.B. (2006). The nodal 
precursor acting via activin receptors induces mesoderm by maintaining a source of its 
convertases and BMP4. Developmental cell 11, 313-323. 
 
 Birsoy, B., Kofron, M., Schaible, K., Wylie, C., and Heasman, J. (2006). Vg 1 is 
an essential signaling molecule in Xenopus development. Development (Cambridge, 
England) 133, 15-20. 
 
 Boehm, T., Foroni, L., Kaneko, Y., Perutz, M.F., and Rabbitts, T.H. (1991). The 
rhombotin family of cysteine-rich LIM-domain oncogenes: distinct members are 
involved in T-cell translocations to human chromosomes 11p15 and 11p13. Proceedings 
of the National Academy of Sciences of the United States of America 88, 4367-4371. 
 
 Bradley, A., Evans, M., Kaufman, M.H., and Robertson, E. (1984). Formation of 
germ-line chimaeras from embryo-derived teratocarcinoma cell lines. Nature 309, 255-
256. 
 

109



 

 

 

 Brennan, J., Lu, C.C., Norris, D.P., Rodriguez, T.A., Beddington, R.S., and 
Robertson, E.J. (2001). Nodal signalling in the epiblast patterns the early mouse embryo. 
Nature 411, 965-969. 
 
 Briegel, K., Lim, K.C., Plank, C., Beug, H., Engel, J.D., and Zenke, M. (1993). 
Ectopic expression of a conditional GATA-2/estrogen receptor chimera arrests erythroid 
differentiation in a hormone-dependent manner. Genes & development 7, 1097-1109. 
 
 Camus, A., Perea-Gomez, A., Moreau, A., and Collignon, J. (2006). Absence of 
Nodal signaling promotes precocious neural differentiation in the mouse embryo. Dev 
Biol 295, 743-755. 
 
 Candia, A.F., Watabe, T., Hawley, S.H., Onichtchouk, D., Zhang, Y., Derynck, 
R., Niehrs, C., and Cho, K.W. (1997). Cellular interpretation of multiple TGF-beta 
signals: intracellular antagonism between activin/BVg1 and BMP-2/4 signaling mediated 
by Smads. Development (Cambridge, England) 124, 4467-4480. 
 
 Caprioli, A., Jaffredo, T., Gautier, R., Dubourg, C., and Dieterlen-Lievre, F. 
(1998). Blood-borne seeding by hematopoietic and endothelial precursors from the 
allantois. Proceedings of the National Academy of Sciences of the United States of 
America 95, 1641-1646. 
 
 Chambers, S.M., Fasano, C.A., Papapetrou, E.P., Tomishima, M., Sadelain, M., 
and Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by 
dual inhibition of SMAD signaling. Nat Biotechnol 27, 275-280. 
 
 Chazaud, C., Yamanaka, Y., Pawson, T., and Rossant, J. (2006). Early lineage 
segregation between epiblast and primitive endoderm in mouse blastocysts through the 
Grb2-MAPK pathway. Developmental cell 10, 615-624. 
 
 Chen, C., and Shen, M.M. (2004). Two modes by which Lefty proteins inhibit 
nodal signaling. Curr Biol 14, 618-624. 
 
 Chen, Q., Yang, C.Y., Tsan, J.T., Xia, Y., Ragab, A.H., Peiper, S.C., Carroll, A., 
and Baer, R. (1990). Coding sequences of the tal-1 gene are disrupted by chromosome 
translocation in human T cell leukemia. J Exp Med 172, 1403-1408. 
 
 Chen, X.D., and Turpen, J.B. (1995). Intraembryonic origin of hepatic 
hematopoiesis in Xenopus laevis. J Immunol 154, 2557-2567. 
 
 Chen, Y., Costa, R.M., Love, N.R., Soto, X., Roth, M., Paredes, R., and Amaya, 
E. (2009). C/EBPalpha initiates primitive myelopoiesis in pluripotent embryonic cells. 
Blood 114, 40-48. 
 

110



 

 

 

 Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J.C., and Keller, G. (1998). 
A common precursor for hematopoietic and endothelial cells. Development (Cambridge, 
England) 125, 725-732. 
 
 Condorelli, G.L., Tocci, A., Botta, R., Facchiano, F., Testa, U., Vitelli, L., 
Valtieri, M., Croce, C.M., and Peschle, C. (1997). Ectopic TAL-1/SCL expression in 
phenotypically normal or leukemic myeloid precursors: proliferative and antiapoptotic 
effects coupled with a differentiation blockade. Mol Cell Biol 17, 2954-2969. 
 
 Conlon, F.L., Lyons, K.M., Takaesu, N., Barth, K.S., Kispert, A., Herrmann, B., 
and Robertson, E.J. (1994). A primary requirement for nodal in the formation and 
maintenance of the primitive streak in the mouse. Development (Cambridge, England) 
120, 1919-1928. 
 
 Curtis, D.J., Hall, M.A., Van Stekelenburg, L.J., Robb, L., Jane, S.M., and 
Begley, C.G. (2004). SCL is required for normal function of short-term repopulating 
hematopoietic stem cells. Blood 103, 3342-3348. 
 
 D'Amour, K.A., Bang, A.G., Eliazer, S., Kelly, O.G., Agulnick, A.D., Smart, 
N.G., Moorman, M.A., Kroon, E., Carpenter, M.K., and Baetge, E.E. (2006). Production 
of pancreatic hormone-expressing endocrine cells from human embryonic stem cells. Nat 
Biotechnol 24, 1392-1401. 
 
 Dale, L., Howes, G., Price, B.M., and Smith, J.C. (1992). Bone morphogenetic 
protein 4: a ventralizing factor in early Xenopus development. Development (Cambridge, 
England) 115, 573-585. 
 
 Dale, L., and Slack, J.M. (1987a). Fate map for the 32-cell stage of Xenopus 
laevis. Development (Cambridge, England) 99, 527-551. 
 
 Dale, L., and Slack, J.M. (1987b). Regional specification within the mesoderm of 
early embryos of Xenopus laevis. Development (Cambridge, England) 100, 279-295. 
 
 Darabi, R., Gehlbach, K., Bachoo, R.M., Kamath, S., Osawa, M., Kamm, K.E., 
Kyba, M., and Perlingeiro, R.C. (2008). Functional skeletal muscle regeneration from 
differentiating embryonic stem cells. Nat Med 14, 134-143. 
 
 de Bruijn, M.F., Speck, N.A., Peeters, M.C., and Dzierzak, E. (2000). Definitive 
hematopoietic stem cells first develop within the major arterial regions of the mouse 
embryo. Embo J 19, 2465-2474. 
 
 Di-Gregorio, A., Sancho, M., Stuckey, D.W., Crompton, L.A., Godwin, J., 
Mishina, Y., and Rodriguez, T.A. (2007). BMP signalling inhibits premature neural 
differentiation in the mouse embryo. Development (Cambridge, England) 134, 3359-
3369. 

111



 

 

 

 
 Ding, J., Yang, L., Yan, Y.T., Chen, A., Desai, N., Wynshaw-Boris, A., and 
Shen, M.M. (1998). Cripto is required for correct orientation of the anterior-posterior axis 
in the mouse embryo. Nature 395, 702-707. 
 
 Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., and Kemler, R. (1985). 
The in vitro development of blastocyst-derived embryonic stem cell lines: formation of 
visceral yolk sac, blood islands and myocardium. J Embryol Exp Morphol 87, 27-45. 
 
 Dunn, N.R., Vincent, S.D., Oxburgh, L., Robertson, E.J., and Bikoff, E.K. 
(2004). Combinatorial activities of Smad2 and Smad3 regulate mesoderm formation and 
patterning in the mouse embryo. Development (Cambridge, England) 131, 1717-1728. 
 
 Dyer, M.A., Farrington, S.M., Mohn, D., Munday, J.R., and Baron, M.H. (2001). 
Indian hedgehog activates hematopoiesis and vasculogenesis and can respecify 
prospective neurectodermal cell fate in the mouse embryo. Development (Cambridge, 
England) 128, 1717-1730. 
 
 Eilken, H.M., Nishikawa, S., and Schroeder, T. (2009). Continuous single-cell 
imaging of blood generation from haemogenic endothelium. Nature 457, 896-900. 
 
 Eimon, P.M., and Harland, R.M. (1999). In Xenopus embryos, BMP 
heterodimers are not required for mesoderm induction, but BMP activity is necessary for 
dorsal/ventral patterning. Dev Biol 216, 29-40. 
 
 Elefanty, A.G., Begley, C.G., Hartley, L., Papaevangeliou, B., and Robb, L. 
(1999). SCL expression in the mouse embryo detected with a targeted lacZ reporter gene 
demonstrates its localization to hematopoietic, vascular, and neural tissues. Blood 94, 
3754-3763. 
 
 Endoh, M., Ogawa, M., Orkin, S., and Nishikawa, S. (2002). SCL/tal-1-
dependent process determines a competence to select the definitive hematopoietic lineage 
prior to endothelial differentiation. Embo J 21, 6700-6708. 
 
 Evans, M.J., and Kaufman, M.H. (1981). Establishment in culture of 
pluripotential cells from mouse embryos. Nature 292, 154-156. 
 
 Fehling, H.J., Lacaud, G., Kubo, A., Kennedy, M., Robertson, S., Keller, G., and 
Kouskoff, V. (2003). Tracking mesoderm induction and its specification to the 
hemangioblast during embryonic stem cell differentiation. Development (Cambridge, 
England) 130, 4217-4227. 
 
 Ferkowicz, M.J., Starr, M., Xie, X., Li, W., Johnson, S.A., Shelley, W.C., 
Morrison, P.R., and Yoder, M.C. (2003). CD41 expression defines the onset of primitive 

112



 

 

 

and definitive hematopoiesis in the murine embryo. Development (Cambridge, England) 
130, 4393-4403. 
 
 Ferkowicz, M.J., and Yoder, M.C. (2005). Blood island formation: longstanding 
observations and modern interpretations. Experimental hematology 33, 1041-1047. 
 
 Gardner, R.L. (1985). Clonal analysis of early mammalian development. Philos 
Trans R Soc Lond B Biol Sci 312, 163-178. 
 
 Gering, M., Rodaway, A.R., Gottgens, B., Patient, R.K., and Green, A.R. (1998). 
The SCL gene specifies haemangioblast development from early mesoderm. Embo J 17, 
4029-4045. 
 
 Gering, M., Yamada, Y., Rabbitts, T.H., and Patient, R.K. (2003). Lmo2 and 
Scl/Tal1 convert non-axial mesoderm into haemangioblasts which differentiate into 
endothelial cells in the absence of Gata1. Development 130, 6187-6199. 
 
 Goardon, N., Lambert, J.A., Rodriguez, P., Nissaire, P., Herblot, S., Thibault, P., 
Dumenil, D., Strouboulis, J., Romeo, P.H., and Hoang, T. (2006). ETO2 coordinates 
cellular proliferation and differentiation during erythropoiesis. Embo J 25, 357-366. 
 
 Green, A.R., DeLuca, E., and Begley, C.G. (1991). Antisense SCL suppresses 
self-renewal and enhances spontaneous erythroid differentiation of the human leukaemic 
cell line K562. Embo J 10, 4153-4158. 
 
 Green, J.B., New, H.V., and Smith, J.C. (1992). Responses of embryonic 
Xenopus cells to activin and FGF are separated by multiple dose thresholds and 
correspond to distinct axes of the mesoderm. Cell 71, 731-739. 
 
 Gu, Z., Nomura, M., Simpson, B.B., Lei, H., Feijen, A., van den Eijnden-van 
Raaij, J., Donahoe, P.K., and Li, E. (1998). The type I activin receptor ActRIB is required 
for egg cylinder organization and gastrulation in the mouse. Genes & development 12, 
844-857. 
 
 Hall, M.A., Curtis, D.J., Metcalf, D., Elefanty, A.G., Sourris, K., Robb, L., 
Gothert, J.R., Jane, S.M., and Begley, C.G. (2003). The critical regulator of embryonic 
hematopoiesis, SCL, is vital in the adult for megakaryopoiesis, erythropoiesis, and 
lineage choice in CFU-S12. Proceedings of the National Academy of Sciences of the 
United States of America 100, 992-997. 
 
 Hall, M.A., Slater, N.J., Begley, C.G., Salmon, J.M., Van Stekelenburg, L.J., 
McCormack, M.P., Jane, S.M., and Curtis, D.J. (2005). Functional but abnormal adult 
erythropoiesis in the absence of the stem cell leukemia gene. Mol Cell Biol 25, 6355-
6362. 
 

113



 

 

 

 Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P., Gumbiner, B., 
McCrea, P., Kintner, C., Noro, C.Y., and Wylie, C. (1994). Overexpression of cadherins 
and underexpression of beta-catenin inhibit dorsal mesoderm induction in early Xenopus 
embryos. Cell 79, 791-803. 
 
 Hemmati-Brivanlou, A., and Melton, D.A. (1992). A truncated activin receptor 
inhibits mesoderm induction and formation of axial structures in Xenopus embryos. 
Nature 359, 609-614. 
 
 Heyworth, C., Gale, K., Dexter, M., May, G., and Enver, T. (1999). A GATA-
2/estrogen receptor chimera functions as a ligand-dependent negative regulator of self-
renewal. Genes & development 13, 1847-1860. 
 
 Hochman, E., Kinston, S., Harmelin, A., Gottgens, B., and Izraeli, S. (2006). The 
SCL 3' enhancer responds to Hedgehog signaling during hemangioblast specification. 
Experimental hematology 34, 1643-1650. 
 
 Holwill, S., Heasman, J., Crawley, C.R., and Wylie, C. (1987). Axis and germ 
line deficiencies caused by uv irradiation of xenopus oocytes cultured in vitro. 
Development (Cambridge, England) 100, 735-743. 
 
 Hsu, H.L., Cheng, J.T., Chen, Q., and Baer, R. (1991). Enhancer-binding activity 
of the tal-1 oncoprotein in association with the E47/E12 helix-loop-helix proteins. Mol 
Cell Biol 11, 3037-3042. 
 
 Hsu, H.L., Huang, L., Tsan, J.T., Funk, W., Wright, W.E., Hu, J.S., Kingston, 
R.E., and Baer, R. (1994). Preferred sequences for DNA recognition by the TAL1 helix-
loop-helix proteins. Mol Cell Biol 14, 1256-1265. 
 
 Huang, S., and Brandt, S.J. (2000). mSin3A regulates murine erythroleukemia 
cell differentiation through association with the TAL1 (or SCL) transcription factor. Mol 
Cell Biol 20, 2248-2259. 
 
 Huang, S., Qiu, Y., Shi, Y., Xu, Z., and Brandt, S.J. (2000). P/CAF-mediated 
acetylation regulates the function of the basic helix-loop-helix transcription factor 
TAL1/SCL. Embo J 19, 6792-6803. 
 
 Huang, S., Qiu, Y., Stein, R.W., and Brandt, S.J. (1999). p300 functions as a 
transcriptional coactivator for the TAL1/SCL oncoprotein. Oncogene 18, 4958-4967. 
 
 Huber, T.L., Kouskoff, V., Fehling, H.J., Palis, J., and Keller, G. (2004). 
Haemangioblast commitment is initiated in the primitive streak of the mouse embryo. 
Nature 432, 625-630. 
 

114



 

 

 

 Huelsken, J., Vogel, R., Brinkmann, V., Erdmann, B., Birchmeier, C., and 
Birchmeier, W. (2000). Requirement for beta-catenin in anterior-posterior axis formation 
in mice. J Cell Biol 148, 567-578. 
 
 Iacovino, M., Hernandez, C., Xu, Z., Bajwa, G., Prather, M., and Kyba, M. 
(2009). A conserved role for Hox paralog group 4 in regulation of hematopoietic 
progenitors. Stem Cells Dev 18, 783-792. 
 
 Iida, M., Heike, T., Yoshimoto, M., Baba, S., Doi, H., and Nakahata, T. (2005). 
Identification of cardiac stem cells with FLK1, CD31, and VE-cadherin expression 
during embryonic stem cell differentiation. Faseb J 19, 371-378. 
 
 Jen, Y., Weintraub, H., and Benezra, R. (1992). Overexpression of Id protein 
inhibits the muscle differentiation program: in vivo association of Id with E2A proteins. 
Genes & development 6, 1466-1479. 
 
 Johansson, B.M., and Wiles, M.V. (1995). Evidence for involvement of activin A 
and bone morphogenetic protein 4 in mammalian mesoderm and hematopoietic 
development. Mol Cell Biol 15, 141-151. 
 
 Jones, C.M., Dale, L., Hogan, B.L., Wright, C.V., and Smith, J.C. (1996). Bone 
morphogenetic protein-4 (BMP-4) acts during gastrula stages to cause ventralization of 
Xenopus embryos. Development (Cambridge, England) 122, 1545-1554. 
 
 Jones, C.M., Lyons, K.M., Lapan, P.M., Wright, C.V., and Hogan, B.L. (1992). 
DVR-4 (bone morphogenetic protein-4) as a posterior-ventralizing factor in Xenopus 
mesoderm induction. Development (Cambridge, England) 115, 639-647. 
 
 Kappel, A., Schlaeger, T.M., Flamme, I., Orkin, S.H., Risau, W., and Breier, G. 
(2000). Role of SCL/Tal-1, GATA, and ets transcription factor binding sites for the 
regulation of flk-1 expression during murine vascular development. Blood 96, 3078-
3085. 
 
 Kassouf, M.T., Chagraoui, H., Vyas, P., and Porcher, C. (2008). Differential use 
of SCL/TAL-1 DNA-binding domain in developmental hematopoiesis. Blood 112, 1056-
1067. 
 
 Kataoka, H., Takakura, N., Nishikawa, S., Tsuchida, K., Kodama, H., Kunisada, 
T., Risau, W., Kita, T., and Nishikawa, S.I. (1997). Expressions of PDGF receptor alpha, 
c-Kit and Flk1 genes clustering in mouse chromosome 5 define distinct subsets of 
nascent mesodermal cells. Development, growth & differentiation 39, 729-740. 
 
 Kau, C.L., and Turpen, J.B. (1983). Dual contribution of embryonic ventral 
blood island and dorsal lateral plate mesoderm during ontogeny of hemopoietic cells in 
Xenopus laevis. J Immunol 131, 2262-2266. 

115



 

 

 

 
 Keller, G., Kennedy, M., Papayannopoulou, T., and Wiles, M.V. (1993). 
Hematopoietic commitment during embryonic stem cell differentiation in culture. Mol 
Cell Biol 13, 473-486. 
 
 Kelley, C., Yee, K., Harland, R., and Zon, L.I. (1994). Ventral expression of 
GATA-1 and GATA-2 in the Xenopus embryo defines induction of hematopoietic 
mesoderm. Dev Biol 165, 193-205. 
 
 Kim, D., Kim, C.H., Moon, J.I., Chung, Y.G., Chang, M.Y., Han, B.S., Ko, S., 
Yang, E., Cha, K.Y., Lanza, R., et al. (2009). Generation of human induced pluripotent 
stem cells by direct delivery of reprogramming proteins. Cell Stem Cell 4, 472-476. 
 
 Kimura, C., Yoshinaga, K., Tian, E., Suzuki, M., Aizawa, S., and Matsuo, I. 
(2000). Visceral endoderm mediates forebrain development by suppressing posteriorizing 
signals. Dev Biol 225, 304-321. 
 
 Kinder, S.J., Tsang, T.E., Ang, S.L., Behringer, R.R., and Tam, P.P. (2001a). 
Defects of the body plan of mutant embryos lacking Lim1, Otx2 or Hnf3beta activity. 
The International journal of developmental biology 45, 347-355. 
 
 Kinder, S.J., Tsang, T.E., Quinlan, G.A., Hadjantonakis, A.K., Nagy, A., and 
Tam, P.P. (1999). The orderly allocation of mesodermal cells to the extraembryonic 
structures and the anteroposterior axis during gastrulation of the mouse embryo. 
Development (Cambridge, England) 126, 4691-4701. 
 
 Kinder, S.J., Tsang, T.E., Wakamiya, M., Sasaki, H., Behringer, R.R., Nagy, A., 
and Tam, P.P. (2001b). The organizer of the mouse gastrula is composed of a dynamic 
population of progenitor cells for the axial mesoderm. Development (Cambridge, 
England) 128, 3623-3634. 
 
 Kitamura, T., Tange, T., Terasawa, T., Chiba, S., Kuwaki, T., Miyagawa, K., 
Piao, Y.F., Miyazono, K., Urabe, A., and Takaku, F. (1989). Establishment and 
characterization of a unique human cell line that proliferates dependently on GM-CSF, 
IL-3, or erythropoietin. J Cell Physiol 140, 323-334. 
 
 Kofron, M., Demel, T., Xanthos, J., Lohr, J., Sun, B., Sive, H., Osada, S., Wright, 
C., Wylie, C., and Heasman, J. (1999). Mesoderm induction in Xenopus is a zygotic 
event regulated by maternal VegT via TGFbeta growth factors. Development 
(Cambridge, England) 126, 5759-5770. 
 
 Krosl, G., He, G., Lefrancois, M., Charron, F., Romeo, P.H., Jolicoeur, P., 
Kirsch, I.R., Nemer, M., and Hoang, T. (1998). Transcription factor SCL is required for 
c-kit expression and c-Kit function in hemopoietic cells. J Exp Med 188, 439-450. 
 

116



 

 

 

 Kubo, A., Shinozaki, K., Shannon, J.M., Kouskoff, V., Kennedy, M., Woo, S., 
Fehling, H.J., and Keller, G. (2004). Development of definitive endoderm from 
embryonic stem cells in culture. Development (Cambridge, England) 131, 1651-1662. 
 
 Kyba, M., Perlingeiro, R.C., and Daley, G.Q. (2002). HoxB4 confers definitive 
lymphoid-myeloid engraftment potential on embryonic stem cell and yolk sac 
hematopoietic progenitors. Cell 109, 29-37. 
 
 Lacombe, J., Herblot, S., Rojas-Sutterlin, S., Haman, A., Barakat, S., Iscove, 
N.N., Sauvageau, G., and Hoang, T. Scl regulates the quiescence and the long-term 
competence of hematopoietic stem cells. Blood 115, 792-803. 
 
 Lahlil, R., Lecuyer, E., Herblot, S., and Hoang, T. (2004). SCL assembles a 
multifactorial complex that determines glycophorin A expression. Mol Cell Biol 24, 
1439-1452. 
 
 Landry, J.R., Kinston, S., Knezevic, K., de Bruijn, M.F., Wilson, N., 
Nottingham, W.T., Peitz, M., Edenhofer, F., Pimanda, J.E., Ottersbach, K., et al. (2008). 
Runx genes are direct targets of Scl/Tal1 in the yolk sac and fetal liver. Blood 111, 3005-
3014. 
 
 Larson, R.C., Lavenir, I., Larson, T.A., Baer, R., Warren, A.J., Wadman, I., 
Nottage, K., and Rabbitts, T.H. (1996). Protein dimerization between Lmo2 (Rbtn2) and 
Tal1 alters thymocyte development and potentiates T cell tumorigenesis in transgenic 
mice. Embo J 15, 1021-1027. 
 
 Lawson, K.A., Dunn, N.R., Roelen, B.A., Zeinstra, L.M., Davis, A.M., Wright, 
C.V., Korving, J.P., and Hogan, B.L. (1999). Bmp4 is required for the generation of 
primordial germ cells in the mouse embryo. Genes & development 13, 424-436. 
 
 Lawson, K.A., Meneses, J.J., and Pedersen, R.A. (1991). Clonal analysis of 
epiblast fate during germ layer formation in the mouse embryo. Development 
(Cambridge, England) 113, 891-911. 
 
 Lecuyer, E., Herblot, S., Saint-Denis, M., Martin, R., Begley, C.G., Porcher, C., 
Orkin, S.H., and Hoang, T. (2002). The SCL complex regulates c-kit expression in 
hematopoietic cells through functional interaction with Sp1. Blood 100, 2430-2440. 
 
 Lecuyer, E., Lariviere, S., Sincennes, M.C., Haman, A., Lahlil, R., Todorova, M., 
Tremblay, M., Wilkes, B.C., and Hoang, T. (2007). Protein stability and transcription 
factor complex assembly determined by the SCL-LMO2 interaction. The Journal of 
biological chemistry 282, 33649-33658. 
 

117



 

 

 

 Lee, M.A., Heasman, J., and Whitman, M. (2001). Timing of endogenous 
activin-like signals and regional specification of the Xenopus embryo. Development 
(Cambridge, England) 128, 2939-2952. 
 
 Leonard, M., Brice, M., Engel, J.D., and Papayannopoulou, T. (1993). Dynamics 
of GATA transcription factor expression during erythroid differentiation. Blood 82, 
1071-1079. 
 
 Liao, E.C., Paw, B.H., Oates, A.C., Pratt, S.J., Postlethwait, J.H., and Zon, L.I. 
(1998). SCL/Tal-1 transcription factor acts downstream of cloche to specify 
hematopoietic and vascular progenitors in zebrafish. Genes & development 12, 621-626. 
 
 Lickert, H., Takeuchi, J.K., Von Both, I., Walls, J.R., McAuliffe, F., Adamson, 
S.L., Henkelman, R.M., Wrana, J.L., Rossant, J., and Bruneau, B.G. (2004). Baf60c is 
essential for function of BAF chromatin remodelling complexes in heart development. 
Nature 432, 107-112. 
 
 Ling, K.W., Ottersbach, K., van Hamburg, J.P., Oziemlak, A., Tsai, F.Y., Orkin, 
S.H., Ploemacher, R., Hendriks, R.W., and Dzierzak, E. (2004). GATA-2 plays two 
functionally distinct roles during the ontogeny of hematopoietic stem cells. J Exp Med 
200, 871-882. 
 
 Liu, F., Walmsley, M., Rodaway, A., and Patient, R. (2008). Fli1 acts at the top 
of the transcriptional network driving blood and endothelial development. Curr Biol 18, 
1234-1240. 
 
 Liu, P., Wakamiya, M., Shea, M.J., Albrecht, U., Behringer, R.R., and Bradley, 
A. (1999). Requirement for Wnt3 in vertebrate axis formation. Nat Genet 22, 361-365. 
 
 Lugus, J.J., Chung, Y.S., Mills, J.C., Kim, S.I., Grass, J., Kyba, M., Doherty, 
J.M., Bresnick, E.H., and Choi, K. (2007). GATA2 functions at multiple steps in 
hemangioblast development and differentiation. Development (Cambridge, England) 134, 
393-405. 
 
 Maeno, M., Mead, P.E., Kelley, C., Xu, R.H., Kung, H.F., Suzuki, A., Ueno, N., 
and Zon, L.I. (1996). The role of BMP-4 and GATA-2 in the induction and 
differentiation of hematopoietic mesoderm in Xenopus laevis. Blood 88, 1965-1972. 
 
 Mao, S., Neale, G.A., and Goorha, R.M. (1997). T-cell proto-oncogene 
rhombotin-2 is a complex transcription regulator containing multiple activation and 
repression domains. The Journal of biological chemistry 272, 5594-5599. 
 
 McMahon, J.A., Takada, S., Zimmerman, L.B., Fan, C.M., Harland, R.M., and 
McMahon, A.P. (1998). Noggin-mediated antagonism of BMP signaling is required for 

118



 

 

 

growth and patterning of the neural tube and somite. Genes & development 12, 1438-
1452. 
 
 Mead, P.E., Deconinck, A.E., Huber, T.L., Orkin, S.H., and Zon, L.I. (2001). 
Primitive erythropoiesis in the Xenopus embryo: the synergistic role of LMO-2, SCL and 
GATA-binding proteins. Development 128, 2301-2308. 
 
 Mead, P.E., Kelley, C.M., Hahn, P.S., Piedad, O., and Zon, L.I. (1998). SCL 
specifies hematopoietic mesoderm in Xenopus embryos. Development (Cambridge, 
England) 125, 2611-2620. 
 
 Medvinsky, A., and Dzierzak, E. (1996). Definitive hematopoiesis is 
autonomously initiated by the AGM region. Cell 86, 897-906. 
 
 Mikkola, H.K., Fujiwara, Y., Schlaeger, T.M., Traver, D., and Orkin, S.H. 
(2003). Expression of CD41 marks the initiation of definitive hematopoiesis in the mouse 
embryo. Blood 101, 508-516. 
 
 Mishina, Y., Suzuki, A., Ueno, N., and Behringer, R.R. (1995). Bmpr encodes a 
type I bone morphogenetic protein receptor that is essential for gastrulation during mouse 
embryogenesis. Genes & development 9, 3027-3037. 
 
 Mouthon, M.A., Bernard, O., Mitjavila, M.T., Romeo, P.H., Vainchenker, W., 
and Mathieu-Mahul, D. (1993). Expression of tal-1 and GATA-binding proteins during 
human hematopoiesis. Blood 81, 647-655. 
 
 Muller, A.M., Medvinsky, A., Strouboulis, J., Grosveld, F., and Dzierzak, E. 
(1994). Development of hematopoietic stem cell activity in the mouse embryo. Immunity 
1, 291-301. 
 
 Nakano, T., Kodama, H., and Honjo, T. (1994). Generation of 
lymphohematopoietic cells from embryonic stem cells in culture. Science (New York, 
NY 265, 1098-1101. 
 
 Nakao, A., Roijer, E., Imamura, T., Souchelnytskyi, S., Stenman, G., Heldin, 
C.H., and ten Dijke, P. (1997). Identification of Smad2, a human Mad-related protein in 
the transforming growth factor beta signaling pathway. The Journal of biological 
chemistry 272, 2896-2900. 
 
 Nieuwkoop, P.D. (1985). Inductive interactions in early amphibian development 
and their general nature. J Embryol Exp Morphol 89 Suppl, 333-347. 
 
 Nishikawa, S.I., Nishikawa, S., Hirashima, M., Matsuyoshi, N., and Kodama, H. 
(1998). Progressive lineage analysis by cell sorting and culture identifies FLK1+VE-

119



 

 

 

cadherin+ cells at a diverging point of endothelial and hemopoietic lineages. 
Development (Cambridge, England) 125, 1747-1757. 
 
 Ohneda, K., and Yamamoto, M. (2002). Roles of hematopoietic transcription 
factors GATA-1 and GATA-2 in the development of red blood cell lineage. Acta 
Haematol 108, 237-245. 
 
 Orr-Urtreger, A., Bedford, M.T., Do, M.S., Eisenbach, L., and Lonai, P. (1992). 
Developmental expression of the alpha receptor for platelet-derived growth factor, which 
is deleted in the embryonic lethal Patch mutation. Development (Cambridge, England) 
115, 289-303. 
 
 Osada, H., Grutz, G., Axelson, H., Forster, A., and Rabbitts, T.H. (1995). 
Association of erythroid transcription factors: complexes involving the LIM protein 
RBTN2 and the zinc-finger protein GATA1. Proceedings of the National Academy of 
Sciences of the United States of America 92, 9585-9589. 
 
 Oulad-Abdelghani, M., Chazaud, C., Bouillet, P., Mattei, M.G., Dolle, P., and 
Chambon, P. (1998). Stra3/lefty, a retinoic acid-inducible novel member of the 
transforming growth factor-beta superfamily. The International journal of developmental 
biology 42, 23-32. 
 
 Pardanaud, L., Luton, D., Prigent, M., Bourcheix, L.M., Catala, M., and 
Dieterlen-Lievre, F. (1996). Two distinct endothelial lineages in ontogeny, one of them 
related to hemopoiesis. Development (Cambridge, England) 122, 1363-1371. 
 
 Park, C., Afrikanova, I., Chung, Y.S., Zhang, W.J., Arentson, E., Fong Gh, G., 
Rosendahl, A., and Choi, K. (2004). A hierarchical order of factors in the generation of 
FLK1- and SCL-expressing hematopoietic and endothelial progenitors from embryonic 
stem cells. Development (Cambridge, England) 131, 2749-2762. 
 
 Patterson, L.J., Gering, M., Eckfeldt, C.E., Green, A.R., Verfaillie, C.M., Ekker, 
S.C., and Patient, R. (2007). The transcription factors Scl and Lmo2 act together during 
development of the hemangioblast in zebrafish. Blood 109, 2389-2398. 
 
 Pearson, S., Sroczynska, P., Lacaud, G., and Kouskoff, V. (2008). The stepwise 
specification of embryonic stem cells to hematopoietic fate is driven by sequential 
exposure to Bmp4, activin A, bFGF and VEGF. Development (Cambridge, England) 135, 
1525-1535. 
 
 Perea-Gomez, A., Lawson, K.A., Rhinn, M., Zakin, L., Brulet, P., Mazan, S., and 
Ang, S.L. (2001). Otx2 is required for visceral endoderm movement and for the 
restriction of posterior signals in the epiblast of the mouse embryo. Development 
(Cambridge, England) 128, 753-765. 
 

120



 

 

 

 Perea-Gomez, A., Shawlot, W., Sasaki, H., Behringer, R.R., and Ang, S. (1999). 
HNF3beta and Lim1 interact in the visceral endoderm to regulate primitive streak 
formation and anterior-posterior polarity in the mouse embryo. Development 
(Cambridge, England) 126, 4499-4511. 
 
 Perlingeiro, R.C., Kyba, M., and Daley, G.Q. (2001). Clonal analysis of 
differentiating embryonic stem cells reveals a hematopoietic progenitor with primitive 
erythroid and adult lymphoid-myeloid potential. Development (Cambridge, England) 
128, 4597-4604. 
 
 Pevny, L., Simon, M.C., Robertson, E., Klein, W.H., Tsai, S.F., D'Agati, V., 
Orkin, S.H., and Costantini, F. (1991). Erythroid differentiation in chimaeric mice 
blocked by a targeted mutation in the gene for transcription factor GATA-1. Nature 349, 
257-260. 
 
 Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouwmeester, T., 
and De Robertis, E.M. (1999). The head inducer Cerberus is a multifunctional antagonist 
of Nodal, BMP and Wnt signals. Nature 397, 707-710. 
 
 Piccolo, S., Sasai, Y., Lu, B., and De Robertis, E.M. (1996). Dorsoventral 
patterning in Xenopus: inhibition of ventral signals by direct binding of chordin to BMP-
4. Cell 86, 589-598. 
 
 Pimanda, J.E., Ottersbach, K., Knezevic, K., Kinston, S., Chan, W.Y., Wilson, 
N.K., Landry, J.R., Wood, A.D., Kolb-Kokocinski, A., Green, A.R., et al. (2007). Gata2, 
Fli1, and Scl form a recursively wired gene-regulatory circuit during early hematopoietic 
development. Proc Natl Acad Sci U S A 104, 17692-17697. 
 
 Porcher, C., Liao, E.C., Fujiwara, Y., Zon, L.I., and Orkin, S.H. (1999). 
Specification of hematopoietic and vascular development by the bHLH transcription 
factor SCL without direct DNA binding. Development (Cambridge, England) 126, 4603-
4615. 
 
 Porcher, C., Swat, W., Rockwell, K., Fujiwara, Y., Alt, F.W., and Orkin, S.H. 
(1996). The T cell leukemia oncoprotein SCL/tal-1 is essential for development of all 
hematopoietic lineages. Cell 86, 47-57. 
 
 Pulford, K., Lecointe, N., Leroy-Viard, K., Jones, M., Mathieu-Mahul, D., and 
Mason, D.Y. (1995). Expression of TAL-1 proteins in human tissues. Blood 85, 675-684. 
 
 Reynaud, D., Ravet, E., Titeux, M., Mazurier, F., Renia, L., Dubart-
Kupperschmitt, A., Romeo, P.H., and Pflumio, F. (2005). SCL/TAL1 expression level 
regulates human hematopoietic stem cell self-renewal and engraftment. Blood 106, 2318-
2328. 
 

121



 

 

 

 Rivera-Perez, J.A., Mager, J., and Magnuson, T. (2003). Dynamic morphogenetic 
events characterize the mouse visceral endoderm. Dev Biol 261, 470-487. 
 
 Robb, L., Elwood, N.J., Elefanty, A.G., Kontgen, F., Li, R., Barnett, L.D., and 
Begley, C.G. (1996). The scl gene product is required for the generation of all 
hematopoietic lineages in the adult mouse. Embo J 15, 4123-4129. 
 
 Robb, L., Lyons, I., Li, R., Hartley, L., Kontgen, F., Harvey, R.P., Metcalf, D., 
and Begley, C.G. (1995). Absence of yolk sac hematopoiesis from mice with a targeted 
disruption of the scl gene. Proceedings of the National Academy of Sciences of the 
United States of America 92, 7075-7079. 
 
 Rodriguez, T.A., Srinivas, S., Clements, M.P., Smith, J.C., and Beddington, R.S. 
(2005). Induction and migration of the anterior visceral endoderm is regulated by the 
extra-embryonic ectoderm. Development (Cambridge, England) 132, 2513-2520. 
 
 Rossant, J., and Tam, P.P. (2009). Blastocyst lineage formation, early embryonic 
asymmetries and axis patterning in the mouse. Development (Cambridge, England) 136, 
701-713. 
 
 Royer-Pokora, B., Loos, U., and Ludwig, W.D. (1991). TTG-2, a new gene 
encoding a cysteine-rich protein with the LIM motif, is overexpressed in acute T-cell 
leukaemia with the t(11;14)(p13;q11). Oncogene 6, 1887-1893. 
 
 Russo, S., Tomatis, D., Collo, G., Tarone, G., and Tato, F. (1998). Myogenic 
conversion of NIH3T3 cells by exogenous MyoD family members: dissociation of 
terminal differentiation from myotube formation. J Cell Sci 111 ( Pt 6), 691-700. 
 
 Sabin, F.R. (1920). Studies on the origin of blood vessels and of red blood 
corpuscles as seen in the living blastoderm of chicks during the second day of incubation. 
Contrib Embryol 9, 213-262. 
 
 Sakurai, H., Era, T., Jakt, L.M., Okada, M., Nakai, S., and Nishikawa, S. (2006a). 
In vitro modeling of paraxial and lateral mesoderm differentiation reveals early 
reversibility. Stem Cells 24, 575-586. 
 
 Sakurai, H., Era, T., Jakt, L.M., Okada, M., Nakai, S., Nishikawa, S., and 
Nishikawa, S. (2006b). In vitro modeling of paraxial and lateral mesoderm differentiation 
reveals early reversibility. Stem cells (Dayton, Ohio) 24, 575-586. 
 
 Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L.K., and De Robertis, 
E.M. (1994). Xenopus chordin: a novel dorsalizing factor activated by organizer-specific 
homeobox genes. Cell 79, 779-790. 
 

122



 

 

 

 Schlaeger, T.M., Mikkola, H.K., Gekas, C., Helgadottir, H.B., and Orkin, S.H. 
(2005). Tie2Cre-mediated gene ablation defines the stem-cell leukemia gene (SCL/tal1)-
dependent window during hematopoietic stem-cell development. Blood 105, 3871-3874. 
 
 Schlaeger, T.M., Schuh, A., Flitter, S., Fisher, A., Mikkola, H., Orkin, S.H., 
Vyas, P., and Porcher, C. (2004). Decoding hematopoietic specificity in the helix-loop-
helix domain of the transcription factor SCL/Tal-1. Mol Cell Biol 24, 7491-7502. 
 
 Schohl, A., and Fagotto, F. (2002). Beta-catenin, MAPK and Smad signaling 
during early Xenopus development. Development (Cambridge, England) 129, 37-52. 
 
 Shawlot, W., Deng, J.M., and Behringer, R.R. (1998). Expression of the mouse 
cerberus-related gene, Cerr1, suggests a role in anterior neural induction and 
somitogenesis. Proceedings of the National Academy of Sciences of the United States of 
America 95, 6198-6203. 
 
 Shivdasani, R.A., Mayer, E.L., and Orkin, S.H. (1995). Absence of blood 
formation in mice lacking the T-cell leukaemia oncoprotein tal-1/SCL. Nature 373, 432-
434. 
 
 Smith, W.C., and Harland, R.M. (1991). Injected Xwnt-8 RNA acts early in 
Xenopus embryos to promote formation of a vegetal dorsalizing center. Cell 67, 753-765. 
 
 Smith, W.C., and Harland, R.M. (1992). Expression cloning of noggin, a new 
dorsalizing factor localized to the Spemann organizer in Xenopus embryos. Cell 70, 829-
840. 
 
 Smith, W.C., Knecht, A.K., Wu, M., and Harland, R.M. (1993). Secreted noggin 
protein mimics the Spemann organizer in dorsalizing Xenopus mesoderm. Nature 361, 
547-549. 
 
 Soares, M.L., Haraguchi, S., Torres-Padilla, M.E., Kalmar, T., Carpenter, L., 
Bell, G., Morrison, A., Ring, C.J., Clarke, N.J., Glover, D.M., et al. (2005). Functional 
studies of signaling pathways in peri-implantation development of the mouse embryo by 
RNAi. BMC Dev Biol 5, 28. 
 
 Song, J., Oh, S.P., Schrewe, H., Nomura, M., Lei, H., Okano, M., Gridley, T., 
and Li, E. (1999). The type II activin receptors are essential for egg cylinder growth, 
gastrulation, and rostral head development in mice. Dev Biol 213, 157-169. 
 
 Song, S.H., Hou, C., and Dean, A. (2007). A positive role for NLI/Ldb1 in long-
range beta-globin locus control region function. Mol Cell 28, 810-822. 
 

123



 

 

 

 Souroullas, G.P., Salmon, J.M., Sablitzky, F., Curtis, D.J., and Goodell, M.A. 
(2009). Adult hematopoietic stem and progenitor cells require either Lyl1 or Scl for 
survival. Cell Stem Cell 4, 180-186. 
 
 Spemann, H., and Mangold, H. (2001). Induction of embryonic primordia by 
implantation of organizers from a different species. 1923. The International journal of 
developmental biology 45, 13-38. 
 
 St-Jacques, B., Hammerschmidt, M., and McMahon, A.P. (1999). Indian 
hedgehog signaling regulates proliferation and differentiation of chondrocytes and is 
essential for bone formation. Genes & development 13, 2072-2086. 
 
 Steiner, A.B., Engleka, M.J., Lu, Q., Piwarzyk, E.C., Yaklichkin, S., Lefebvre, 
J.L., Walters, J.W., Pineda-Salgado, L., Labosky, P.A., and Kessler, D.S. (2006). FoxD3 
regulation of Nodal in the Spemann organizer is essential for Xenopus dorsal mesoderm 
development. Development (Cambridge, England) 133, 4827-4838. 
 
 Stennard, F., Carnac, G., and Gurdon, J.B. (1996). The Xenopus T-box gene, 
Antipodean, encodes a vegetally localised maternal mRNA and can trigger mesoderm 
formation. Development (Cambridge, England) 122, 4179-4188. 
 
 Suzuki, A., Thies, R.S., Yamaji, N., Song, J.J., Wozney, J.M., Murakami, K., and 
Ueno, N. (1994). A truncated bone morphogenetic protein receptor affects dorsal-ventral 
patterning in the early Xenopus embryo. Proceedings of the National Academy of 
Sciences of the United States of America 91, 10255-10259. 
 
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663-
676. 
 
 Tam, P.P., and Beddington, R.S. (1987). The formation of mesodermal tissues in 
the mouse embryo during gastrulation and early organogenesis. Development 
(Cambridge, England) 99, 109-126. 
 
 Tam, P.P., Loebel, D.A., and Tanaka, S.S. (2006). Building the mouse gastrula: 
signals, asymmetry and lineages. Curr Opin Genet Dev 16, 419-425. 
 
 Tao, Q., Yokota, C., Puck, H., Kofron, M., Birsoy, B., Yan, D., Asashima, M., 
Wylie, C.C., Lin, X., and Heasman, J. (2005). Maternal wnt11 activates the canonical 
wnt signaling pathway required for axis formation in Xenopus embryos. Cell 120, 857-
871. 
 
 Thomas, P., and Beddington, R. (1996). Anterior primitive endoderm may be 
responsible for patterning the anterior neural plate in the mouse embryo. Curr Biol 6, 
1487-1496. 

124



 

 

 

 
 Thomas, P.Q., Brown, A., and Beddington, R.S. (1998). Hex: a homeobox gene 
revealing peri-implantation asymmetry in the mouse embryo and an early transient 
marker of endothelial cell precursors. Development (Cambridge, England) 125, 85-94. 
 
 Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., 
Marshall, V.S., and Jones, J.M. (1998). Embryonic stem cell lines derived from human 
blastocysts. Science 282, 1145-1147. 
 
 Tipping, A.J., Pina, C., Castor, A., Hong, D., Rodrigues, N.P., Lazzari, L., May, 
G.E., Jacobsen, S.E., and Enver, T. (2009). High GATA-2 expression inhibits human 
hematopoietic stem and progenitor cell function by effects on cell cycle. Blood 113, 
2661-2672. 
 
 Tirat, A., Freuler, F., Stettler, T., Mayr, L.M., and Leder, L. (2006). Evaluation 
of two novel tag-based labelling technologies for site-specific modification of proteins. 
Int J Biol Macromol 39, 66-76. 
 
 Tsai, F.Y., Keller, G., Kuo, F.C., Weiss, M., Chen, J., Rosenblatt, M., Alt, F.W., 
and Orkin, S.H. (1994). An early haematopoietic defect in mice lacking the transcription 
factor GATA-2. Nature 371, 221-226. 
 
 Tsai, F.Y., and Orkin, S.H. (1997). Transcription factor GATA-2 is required for 
proliferation/survival of early hematopoietic cells and mast cell formation, but not for 
erythroid and myeloid terminal differentiation. Blood 89, 3636-3643. 
 
 Tsai, S.F., Martin, D.I., Zon, L.I., D'Andrea, A.D., Wong, G.G., and Orkin, S.H. 
(1989). Cloning of cDNA for the major DNA-binding protein of the erythroid lineage 
through expression in mammalian cells. Nature 339, 446-451. 
 
 Turpen, J.B., Kelley, C.M., Mead, P.E., and Zon, L.I. (1997). Bipotential 
primitive-definitive hematopoietic progenitors in the vertebrate embryo. Immunity 7, 
325-334. 
 
 Ueno, H., and Weissman, I.L. (2006). Clonal analysis of mouse development 
reveals a polyclonal origin for yolk sac blood islands. Developmental cell 11, 519-533. 
 
 Valge-Archer, V.E., Osada, H., Warren, A.J., Forster, A., Li, J., Baer, R., and 
Rabbitts, T.H. (1994). The LIM protein RBTN2 and the basic helix-loop-helix protein 
TAL1 are present in a complex in erythroid cells. Proceedings of the National Academy 
of Sciences of the United States of America 91, 8617-8621. 
 
 Varlet, I., Collignon, J., and Robertson, E.J. (1997). Nodal expression in the 
primitive endoderm is required for specification of the anterior axis during mouse 
gastrulation. Development (Cambridge, England) 124, 1033-1044. 

125



 

 

 

 
 Vincent, S.D., Dunn, N.R., Hayashi, S., Norris, D.P., and Robertson, E.J. (2003). 
Cell fate decisions within the mouse organizer are governed by graded Nodal signals. 
Genes & development 17, 1646-1662. 
 
 Visvader, J.E., Fujiwara, Y., and Orkin, S.H. (1998). Unsuspected role for the T-
cell leukemia protein SCL/tal-1 in vascular development. Genes & development 12, 473-
479. 
 
 Visvader, J.E., Mao, X., Fujiwara, Y., Hahm, K., and Orkin, S.H. (1997). The 
LIM-domain binding protein Ldb1 and its partner LMO2 act as negative regulators of 
erythroid differentiation. Proceedings of the National Academy of Sciences of the United 
States of America 94, 13707-13712. 
 
 Vitelli, L., Condorelli, G., Lulli, V., Hoang, T., Luchetti, L., Croce, C.M., and 
Peschle, C. (2000). A pentamer transcriptional complex including tal-1 and 
retinoblastoma protein downmodulates c-kit expression in normal erythroblasts. Mol Cell 
Biol 20, 5330-5342. 
 
 Vyas, P., McDevitt, M.A., Cantor, A.B., Katz, S.G., Fujiwara, Y., and Orkin, 
S.H. (1999). Different sequence requirements for expression in erythroid and 
megakaryocytic cells within a regulatory element upstream of the GATA-1 gene. 
Development (Cambridge, England) 126, 2799-2811. 
 
 Wadman, I., Li, J., Bash, R.O., Forster, A., Osada, H., Rabbitts, T.H., and Baer, 
R. (1994). Specific in vivo association between the bHLH and LIM proteins implicated in 
human T cell leukemia. Embo J 13, 4831-4839. 
 
 Wadman, I.A., Osada, H., Grutz, G.G., Agulnick, A.D., Westphal, H., Forster, 
A., and Rabbitts, T.H. (1997). The LIM-only protein Lmo2 is a bridging molecule 
assembling an erythroid, DNA-binding complex which includes the TAL1, E47, GATA-
1 and Ldb1/NLI proteins. Embo J 16, 3145-3157. 
 
 Wang, G.G., Pasillas, M.P., and Kamps, M.P. (2006). Persistent transactivation 
by meis1 replaces hox function in myeloid leukemogenesis models: evidence for co-
occupancy of meis1-pbx and hox-pbx complexes on promoters of leukemia-associated 
genes. Mol Cell Biol 26, 3902-3916. 
 
 Warren, A.J., Colledge, W.H., Carlton, M.B., Evans, M.J., Smith, A.J., and 
Rabbitts, T.H. (1994). The oncogenic cysteine-rich LIM domain protein rbtn2 is essential 
for erythroid development. Cell 78, 45-57. 
 
 Weiss, M.J., Keller, G., and Orkin, S.H. (1994). Novel insights into erythroid 
development revealed through in vitro differentiation of GATA-1 embryonic stem cells. 
Genes & development 8, 1184-1197. 

126



 

 

 

 
 Wilkinson, D.G., Bhatt, S., and Herrmann, B.G. (1990). Expression pattern of the 
mouse T gene and its role in mesoderm formation. Nature 343, 657-659. 
 
 Wilson, N.K., Miranda-Saavedra, D., Kinston, S., Bonadies, N., Foster, S.D., 
Calero-Nieto, F., Dawson, M.A., Donaldson, I.J., Dumon, S., Frampton, J., et al. (2009). 
The transcriptional program controlled by the stem cell leukemia gene Scl/Tal1 during 
early embryonic hematopoietic development. Blood 113, 5456-5465. 
 
 Wilson, P.A., Lagna, G., Suzuki, A., and Hemmati-Brivanlou, A. (1997). 
Concentration-dependent patterning of the Xenopus ectoderm by BMP4 and its signal 
transducer Smad1. Development (Cambridge, England) 124, 3177-3184. 
 
 Wilson, V., and Beddington, R.S. (1996). Cell fate and morphogenetic movement 
in the late mouse primitive streak. Mechanisms of development 55, 79-89. 
 
 Winnier, G., Blessing, M., Labosky, P.A., and Hogan, B.L. (1995). Bone 
morphogenetic protein-4 is required for mesoderm formation and patterning in the 
mouse. Genes & development 9, 2105-2116. 
 
 Wylie, C., Kofron, M., Payne, C., Anderson, R., Hosobuchi, M., Joseph, E., and 
Heasman, J. (1996). Maternal beta-catenin establishes a 'dorsal signal' in early Xenopus 
embryos. Development (Cambridge, England) 122, 2987-2996. 
 
 Xie, H., Ye, M., Feng, R., and Graf, T. (2004). Stepwise reprogramming of B 
cells into macrophages. Cell 117, 663-676. 
 
 Xu, Z., Huang, S., Chang, L.S., Agulnick, A.D., and Brandt, S.J. (2003). 
Identification of a TAL1 target gene reveals a positive role for the LIM domain-binding 
protein Ldb1 in erythroid gene expression and differentiation. Mol Cell Biol 23, 7585-
7599. 
 
 Xu, Z., Meng, X., Cai, Y., Koury, M.J., and Brandt, S.J. (2006). Recruitment of 
the SWI/SNF protein Brg1 by a multiprotein complex effects transcriptional repression in 
murine erythroid progenitors. Biochem J 399, 297-304. 
 
 Yamada, Y., Warren, A.J., Dobson, C., Forster, A., Pannell, R., and Rabbitts, 
T.H. (1998). The T cell leukemia LIM protein Lmo2 is necessary for adult mouse 
hematopoiesis. Proceedings of the National Academy of Sciences of the United States of 
America 95, 3890-3895. 
 
 Yang, L., Soonpaa, M.H., Adler, E.D., Roepke, T.K., Kattman, S.J., Kennedy, 
M., Henckaerts, E., Bonham, K., Abbott, G.W., Linden, R.M., et al. (2008). Human 
cardiovascular progenitor cells develop from a KDR+ embryonic-stem-cell-derived 
population. Nature 453, 524-528. 

127



 

 

 

 
 Yoder, M.C., and Hiatt, K. (1997). Engraftment of embryonic hematopoietic 
cells in conditioned newborn recipients. Blood 89, 2176-2183. 
 
 Yu, J., Hu, K., Smuga-Otto, K., Tian, S., Stewart, R., Slukvin, II, and Thomson, 
J.A. (2009). Human induced pluripotent stem cells free of vector and transgene 
sequences. Science 324, 797-801. 
 
 Yuasa, H., Oike, Y., Iwama, A., Nishikata, I., Sugiyama, D., Perkins, A., 
Mucenski, M.L., Suda, T., and Morishita, K. (2005). Oncogenic transcription factor Evi1 
regulates hematopoietic stem cell proliferation through GATA-2 expression. Embo J 24, 
1976-1987. 
 
 Zernicka-Goetz, M., Morris, S.A., and Bruce, A.W. (2009). Making a firm 
decision: multifaceted regulation of cell fate in the early mouse embryo. Nat Rev Genet 
10, 467-477. 
 
 Zhang, J., Houston, D.W., King, M.L., Payne, C., Wylie, C., and Heasman, J. 
(1998). The role of maternal VegT in establishing the primary germ layers in Xenopus 
embryos. Cell 94, 515-524. 
 
 Zhang, X.M., Ramalho-Santos, M., and McMahon, A.P. (2001). Smoothened 
mutants reveal redundant roles for Shh and Ihh signaling including regulation of L/R 
asymmetry by the mouse node. Cell 105, 781-792. 
 
 Zimmerman, L.B., De Jesus-Escobar, J.M., and Harland, R.M. (1996). The 
Spemann organizer signal noggin binds and inactivates bone morphogenetic protein 4. 
Cell 86, 599-606. 
 
 

 

128


	Signature Page
	Dedication
	Title Page
	Copyright Page
	Acknowledgements
	Abstract
	Table of Contents
	Prior Publications
	List of Figures
	List of Definitions
	Chapter 1: Introduction
	Chapter 2: Materials and Methods
	Chapter 3: The Role of SCL in Mesoderm Patterning
	Chapter 4: Probing Molecular Interactions of SCL During
	Chapter 5: Co-Expression of SCL Complex Members SCL, LMO2 and GATA2 Induce Efficient Hematopoiesis in Monolayer Culture in the Absence of Serum
	Chapter 6: Conclusions and Future Studies
	References



